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EXECUTIVE SUMMARY
The AFOSR Optoelectronics Research Center (OERC) at the Center for High

Technology Materials of the University of New Mexico has become a leading
university optoelectronics program with substantial impact on the development of
the field. Novel InGaAs and A1GaAs device structures such as resonant-periodic
gain surface-emitting lasers and leaky-mode diode laser arrays have been
pioneered. An exciting recent result is the demonstration of large second-order
nonlinearities in SiO2, both in macroscopic plates and in thin films grown on Si
substrates. PLZT is another electrooptic material that has been extensively
developed. Processing advances have included careful investigation of III-V
regrowth over patterned wafers that allow unique device structures such as leaky-
mode laser arrays, and the extension of interferometric lithography techniques that
have led to the definition of isolated and passivated quantum wire and dot
structures in Si and related materials. External cavity operation of diode lasers has
provided a wealth of information on internal device physics and on the fundamental
limits of laser spectral and temporal characteristics. Modeling of both single-
element and array geometries has led to improved understanding and device
performance. The AFOSR OERC has been a pioneer in the development of surface-
emitting lasers. The first demonstration of the resonant-periodic gain concept was
reported several years ago. Since then, advances have been made in device growth
(MOCVD), in device and mirror design, in optical pumping with record output
powers (> 50kW) for any semiconductor device, in ultrafast gain switched operation,
in record low series resistance, overall and slope efficiencies for electrical operation.
A major advance in integrated structures is the coupling of phototransistors with
surface-emitting lasers to make "smart pixels" that can operate in parallel on an
array of optical signals. This opens the possibility of an entirely new class of optical
information processing.

A major feature of the AFOSR OERC has been interactions with the Air
Force Phillips Laboratory and with other Air Force laboratories including the Rome
Laboratory.
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I. INTRODUCTION
The Optoelectronics Research Center (OERC) at the University of New Mexico

that was begun in FY87 under the auspices of the Air Force Office of Scientific
Research. The OERC has functioned in conjunction with the Center for High
Technology Materials (CHTM), which is also supported by the State and University
of New Mexico, with the Optoelectronic Materials Center, which is being funded by
DARPA, and with the SRC/SEMATECH University Center of Excellence in
Metrology and On-Line Analysis for Semiconductor Manufacturing. CHTM is an
interdisciplinary research organization with faculty and research representation
from four departments: Electrical Engineering, Physics, Chemistry and Chemical
Engineering.

Since its inception, the AFOSR OERC has become a leading university
optoelectronics program with substantial impact on the development of the field.
Just one evidence is the 1991 DOD Critical Technologies Plan, recently submitted
to Congress, which highlights the strong University of New Mexico programs in the
areas of III-V lasers and laser arrays.

The program of the AFOSR OERC has been primarily experimental with
theoretical work in support of our experimental efforts. Emphasis has been on the
invention, demonstration, and study of novel optoelectronic structures and devices,
which have unique capabilities of interest to the Air Force and national
requirements in general. In addition, we have trained Air Force personnel and
civilian students in the fabrication, characterization, and utilization of
optoelectronic devices to satisfy needs at the Air Force laboratories as well as at
other federal laboratories and commercial organizations.

The goal of the AFOSR OERC is to be at the forefront of advances in
optoelectronics. We strongly believe that the coupling and increasing merger of
optics and electronics has already had important consequences, but that the major
advances which will occur over the next decade will dwarf those seen to date. These
will result from advances in linear and nonlinear materials, in device processing, in
device design, and in device integration. Examples of materials and structures are
quantum wells, superlattices, strained-layer semiconductors, and new nonlinear
materials. Processing developments relate to smaller dimensions and improved
techniques for the selective deposition, modification and removal of materials.
Improved devices result also from increased understanding of the underlying device
and material physics and from innovative approaches to device design and
synthesis. Integration of multiple optical functions and between optical and
electronic functions will have a increasing impact.

The AFOSR OERC has produced significant results in all of these areas.
Details are provided below. In I-V materials and structures, novel InGaAs and
AIGaAs device structures such as resonant-periodic gain surface-emitting lasers
have been pioneered. An exciting recent result is the demonstration of large
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second-order nonlinearities in SiO2, both in macroscopic plates and in thin films
grown on Si substrates. PLZT is another electrooptic material that has been
extensively developed. Processing advances have included careful investigation of
III-V regrowth over patterned wafers that allow unique device structures such as
leaky-mode laser arrays, and the extension of interferometric lithography
techniques that have led to the definition of isolated and passivated quantum wire
and dot structures in Si and related materials. External cavity operation of diode
lasers has provided a wealth of information on internal device physics and on the
fundamental limits of laser spectral and temporal ch -- teristics. Modeling of both
single-element and array geometries has led to improved understanding and device
performance. A major advance in integrated structures is the coupling of
phototransistors with surface-emitting lasers to make "smart pixels" that can
operate in parallel on an array of optical signals.

An important driver for the success of the AFOSR OERC program is the
vertical integration of capabilities within CHTM. These extend from semiconductor
and nonlinear materials growth and characterization, through fabrication and
processing, to device synthesis, characterization and integration. The juxtaposition
of these resources within a common research setting provides an important cross-
fertilization that is crucial for rapid progress in this multidisciplinary area.

Interaction with Air Force personnel and research and development
programs and needs is a major aspect of this AFOSR OERC. Particularly close
relations are maintained with the Air Force's Phillips Laboratory programs in diode
lasers and nonlinear optics. Strong ties are also maintained with the Rome
Laboratory programs in photonics.

A recent addition to these interactions is the formation of the Alliance for
Photonic Technology (APT). APT is a cooperative technology transfer initiative
between CHTM, the Phillips Laboratory, Sandia National Laboratories, and Los
Alamos National Laboratory to provide a common, and user-friendly, interface
between these diverse laboratories and industry. The Rome Laboratory has also
expressed interest in joining this cooperation.
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II. CURRENT ACCOMPLISHMENTS
As noted above, the AFOSR OERC has generated a substantial body of

results since its inception in FY-87. Recent highlights are presented here. As was
noted above, an important feature of the OERC is its broad range of capabilities
and talents. Any division into the areas of materials, fabrication, devices and
integration such as is attempted here is necessarily arbitrary. Materials are grown
for devices, not simply to study the materials and growth physics. The ultimate
tests of the materials are in their performance in device applications. Thus,
descriptions of laser performance appear under the materials section. This and
other similar sorting anomalies are inevitably found in the following.

11.1 MATERIALS:

11.1.1 MOCVD Materials Growth and Applications

Establishment cf CHTM's MOCVD growth facility was realized in 1987 with
the support of the State of New Mexico and AFOSR. Major advancements have
been made in very high efficiency AlGaAs GRIN-SCH QW laser technology,
including strained GaAlInAs alloys for improved threshold, power and reliability
over a wavelength range from 680 nm to 1000 nm. Perhaps the most demanding
and exciting application for the MOCVD materials has been in the development of
vertical-cavity surface-emitting lasers (VCSEL). In concert with advances in
fabrication and processing, the MOCVD material has demonstrated unsurpassed
A1GaAs VCSEL performance and, combined with low-defect MOCVD regrowth of
optical transistors and thyristors, the first monolithic optical computing logic
elements based on VCSELs have been produced. In addition to the above laser
materials growth, studies have been conducted on HEMT and HBT device
materials, heterostructures for green light emission from GaAs and Leaky-Mode
phased array lasers, just to name a few. Experiments with zinc, tellurium, and
carbon doping, and regrowth on patterned substrates of GaAs and AlGaAs have
also been instrumental in realizing device goalr.

A brief outline of accomplishments over the past 3 years follows.

Crystal Growth Facility

Fully functional in early 1987, the existing Crystal Growth Facility has been
a consistent asset to the Center with nearly 1000 epitaxial growths to date. The
custom designed reactor, which was configured with a high vacuum residual gas
analysis provided through AFOSR funding, has provided consistently high quality
material for CHTM, the Air Force and other laboratories. The facility has proven to
be an excellent training ground for students with an overriding emphasis on safety
of operations.
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Research with the Air Force

A primary objective of the MOCVD capability at CHTM has been to support
the programs of direct interest to the Air Force. This has been effected by joint
research with personnel of the Air Force's Phillips Laboratory.

High Efficiency AIGaAs GRIN-SCH Lasers

Our MOCVD materials have been utilized in a number experiments
involving the Phillips Laboratory including Broad Area Devices for External
Cavities, Broad Area Unstable Resonators utilizing Etched Facets, Buried Lenslets,
and, in the near future, Buried Continuously Graded Refractive Index Structures.
Unstable resonator structures investigated have produced several hundred
milliwatts of power in a single mode from apertures as wide as 170 Vm.

Strained Quantum Well (SOW] GaAInAs Lasers

Higher efficiency and power, lower threshold and better reliability are all
motives for using SQW lasers. An additional advantage is that GaAs substrates are
transparent to the laser radiation. SQW structures are now routinely used in the
majority of laser diode work at the AFOSR OERC.

Leaky-Mode Laser Arrays

A new process was developed for fabrication of Leaky-Mode Laser Arrays.
This process, now being utilized by TRW as well, has proven to be very simple and
relies on a high quality epitaxial regrowth interface. Powers up to 750 mW in a
stable supermode have been observed.

Materials for Phillips Laboratory contractors

The CHTM MOCVD materials have been utilized by a number of Phillips
Laboratory contractors in order to enhance their research activities. The list
includes David Sarnoff Research Center, Hughes Research Labs, TRW Research
Center, Sandia National Laboratory and Spectra Diode Laboratories.

Materials Supplier for Other Major Laboratories

Materials grown by MOCVD have been used by a number of major research
laboratories. In some cases only the epitaxial material has been provided and in
others, processing of the material has also been included. This list of laboratories
includes:

Army Night Vision and Electrooptics Laboratory
Sandia National Laboratories
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Lawrence Livermore Laboratory
Spectra Diode Laboratories
Hughes Research Laboratories
TRW research Center
Rockwell Science Center
David Sarnoff Research Laboratories
Crystal Specialties Corporation
CVD Metalorganics Division of Morton Thiokol
Optic Electronic Corporation
Fermionics Corporation
Oregon State University
University of California Los Angeles

MOCVD Research

A number of experiments have been conducted under AFOSR funding which
have had broad application in a number different projects. It is of fundamental
importance to do experimental growths aimed at producing enough data to generate
empirical constants needed for predicting material growth rates, composition and
doping. We find that our reactor has a stability of about 1% variation in thickness
over the period of one week. The uniformity was also analyzed demonstrating a
total variation of 3.8% over a 2" diameter wafer. The aluminum composition varies
by less than 0.1% in AIGaAs. Detailed studies of carbon, zinc and tellurium doping
have been carried out. The advantage of carbon doping over zinc is its extremely
low diffusion coefficient. Regrowth on GaAs and AlGaAs is very important for a
number of new optoelectronic devices and detailed studies have been carried out on
different surface treatments prior to growth and these have been analyzed using
photoluminescence, C-V, and DLTS profiding. Laser diodes with regrown active
region interfaces have also been measured and it has been shown that minimal
degradation of performance can bee achieved by using ammonium sulfide and in-
situ HCl etching prior to regrowth. Finally, 680-nm laser diodes with power
outputs of nearly 500 mW have been fabricated by incorporating strained GaAlInAs
quantum wells in an AGaAs large-optical-cavity laser structure.

Current Programs

The following is a summary of projects currently active in the MOCVD materials
growth:

1. Si and SiGe Growth on Si at Low Temperature by Conventional
MOCVD. Preliminary studies show that this very important material
system can be grown very easily by MOCVD if the system has very low
moisture and oxygen levels. Precursors of silane and tetramethyl
germanium are used in hydrogen. Excellent material quality is
observed at growth temperatures as low as 650°C. Doping is
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accomplished using arsine and trimethyl indium. Detailed materials
characterization is underway.

2. Vertical Cavity Surface Emitting Lasers and Optical Logic
Elements. Further development of the VCSELs and pnpn switching
elements is underway. Efforts to minimize surface defect density and
improve device-to-device uniformity are underway. Epitaxial regrowth
is an attractive way of testing laser and switch devices independently
as well as monolithically. This is done by including GaAs substrates
in the pnpn regrowth runs on VCSEL substrate structures.

3. Establishing MOCVD Growth of AlGaInP Visible Diode Laser
Materials for 633-nm CW Operation. Utilizing funds secured
under contracts from DARPA for a new MOCVD reactor, the
University of New Mexico for building expansion, and the New Mexico
research and Development Institute (NMRDI) for facilitization and
operatiots, the Crystal Growth Facility will double its capability and
diversify into the AlGaInP materials with the aim of producing high
efficiency 633-nm laser diodes. Engineering is complete, ground
breaking is underway and a detailed request for proposal for the new
reactor has been issued. This RFP includes a option to bid on a new
multi-wafer radial reactor concept for which a patent application has
been filed. This increased III-V epitaxial growth capability will
directly benefit the programs of the AFOSR OERC.

11.1.2 Nonlinear and Electrooptic Materials

Semiconductor Quantum Well Materials

Most quantum well optoelectronic devices rely on externally applied electrical
fields to control the optical properties. Approaches to investigating the properties of
any quantum well design under electric field are necessary, especially as evidence
is mounting that nonrectangular quantum wells have significant advantages over
rectangular wells. The configuration we studied is shown in Fig. II-1.

We use Airy Functions as general solutions of Schridinger equation for a
quantum well with an electric field. Since Airy functions are the eigenfunctions for
these situations, the benefits of this approach include accuracy and simple
formulations. Previous attempts, however, were only able to apply Airy Function
solutions to electric fields higher than 100 kV/cm as the solution becomes
numerically unstable for lower fields. These fields are larger than the typical fields
used for actual devices. Furthermore, it was also difflicult to handle the Airy
functions for an asymmetric triangular quantum well in an electric field. In Fig.
11.1, we can see that when the electric field exceeds 62 kV/cm in one direction, the
holes lose confinement, while 94 kV/cm in the other direction eliminates electron
confinement in the asymmetric triangular quantum well. We were successfully
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able to calculate the bound states for fields less than *100 kV/cm. These results are
shown in Fig. 11-2. This work was done in collaboration with Guernot Pomrenke's
program at Emory University with Prof. K. Bajj. A short article is in preparation.I

Conduction ,I200A .~~Bana 4_, lGa.78,s_

i Graded

AIxGa.As

II Valence

Band-

w 94kv/cm
I
U

Figure II-I. Te asymmetric triangular quanitum well studied (top), showing
the applied fields necessary to eliminate confinement in the valence
band (left) and conduction band (lower right).
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Figure II-2. Results of the Airy Function calculation for the asymmetricI triangular quantum well in Fig. 11.1. Notice the bound states for
electrons and holes disappear as anticipated.

Many device concepts make use of transitions between energy levels in
isemiconductor srcue.Given that areal device will ualyhave t prt

Dtutrs a Jsal 0ooperat

over some temperature range, understanding of the temperature dependence of the
m energy levels is key to furthering the technology of such a device. While theI ~temperature depend ences of band gaps are well known, only recently have the

temperature dependences of the band offsets that play a crucial role in quantum
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well and other heterostructure devices been investigated. We have elaborated on
our previous studies by including the role thermal expansion effects play in the
temperature dependences of band offsets.

Using a thermodynamic approach, we examined the role thermal expansion
plays in determining the temperature dependence of band gaps and band offsets.
Because of the large variation in the standard volume of electrons (or, equivalently,3 variation in conduction band deformation potential) with symmetry of the
conduction band, most of the band gap temperature variation can be ascribed to the
valence band for the X gap, while the variation is more evenly divided between the

-- conduction and valence band for the r band gap. The particulars of the AlAs/GaAs
system have been examined in detail, we find evidence that X electrons have a
larger electron-phonon entropy than r electrons, and that the lowest conduction
band offset exhibits considerable temperature variation. Results are summarized
in Fig. 11.3:

Conduction Band Edges (gIAX(OK) reference
state) and Conduction Band Offset for GaAs/AIA,-0 .14 .. . .. . - ... .•............ 0 .0 0

I . 2C .- -0.06mEcGaAs/A -0.04,

-o0.22" -o0.o 0F
-0 .2 4 ........ .. . .. . . . ......... -0 . 10 <0 100 200 300 400

Temperature, K

Figure 11-3. Predicted conduction band offset temperature dependence of the
ALAs/GaAs system. Notice that the magnitude of the offset variation is
close to the magnitude of the band gap variations.

This also was a collaborative effort with another AFOSR Grant at Oregon
State University.
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PLZT and related Materials

Lead-lanthanum zirconate-titanate (PLZT) is a promising material for thin
film electrooptic and nonlinear optical applications. In various regions of its phase
diagram, PLZT exhibits rhombohedral, tetragonal or cubic crystal structures, with
corresponding variations in the second-order nonlinearity. At room temperature,
the composition with 28% lanthanum and 0% zirconium, PLZT 28/0/100, is on the

=I border between the cubic and tetragonal phases. This composition exhibits a large
quadratic electrooptic effect, as well as a large transparency range (0.3 - 6 tpm). We
have concentrated on the properties of thin films of PLZT of this composition. We
have also investigated a number of compositions such as 15/0/100 and 7/0/100
which are fully in the tetragonal regime. Deposition has been by rf-sputtering, by
ion-assisted ion-beam sputtering, and by laser ablation. Substrates include fused
silica and sapphire as well as Si and GaAs. These later hold out the promise of
monolithic integration with semiconductor-based sources and detectors.

Highly oriented PLZT films have been deposited with <001> or <100>
crystallographic directions normal to the film surface. Figure 11-4 shows X-ray
diffraction scans of 0.4-pm thick films deposited on a variety of substrates by rf-
sputtering. Note the strong <100> and <200> diffraction peaks and the relative
absence of other orientations. In contrast, a bulk ceramic sample (bottom of figure)
shows a number of diffraction peaks corresponding to the varied crystallite
orientations.

The spatially resolved electrooptic properties of these films have beenI= extensively explored using a confocal scanning polarization microscopy
configuration. Planar interdigitated electrodes (Cr:Au) were deposited with an3 electrode gap of 8 tm. An image of the electrooptic response of a 28/0/100 film,
obtained with - 0.4 tm resolution is shown in Fig. 11-5. The nonuniformity seen in
the figure provides information on compositional and orientational effects in the
films. This characterization capability has allowed us to dramatically improve the
uniformity of the deposited films. These films exhibit hysteresis in the electrooptic
response due to domain formation. For the paraelectric composition 28/0/100, we
have observed, for the first time, a saturation of the electrooptic effect at high fields
as shown in Fig. 11-6. Switching speeds to 3 ns, instrumentation limited, have been
measured in PLZT 28/0/100 films. In addition, extensive measurements of the
second harmonic generation properties of these films have been carried out. A field-
on/field-off contrast ratio of 900:1 has been observed. Photorefractive effects,
leading to screening of the field and a decrease in the second harmonic output on a
time scale of ms, have been observed and phenomenologically modeled.
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I Nonlinearities in SiO%

Fused silica is ubiquitous in modern technology. Its extremely low linear

optical losses have enabled the fiber optics industry. Si0 2 also plays a dominant

I
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interface are largely responsible for the behavior of metal-oxide-semiconductorI(MOS) devices underlying advances in computer hardware.

Unlike its related quartz crystalline phase, fused silica is amorphous with a
macroscopic inversion symmetry that forbids second-order nonlinear processes.
Thus, the discovery by 6sterberg et. al. [1986] of efficient second harmonic
generation (SHG) in a variety of Si-Ge glass fibers upon "training" with opticalIfields has generated considerable interest in the physics and applications of this
unexpected phenomenon. Stolen and Tom (1987] proposed a mechanism based on
electric-field-induced nonlinearities where the field arises from a third-order optical
rectification process. Bergot et al. [1988] have observed an enhancement of the
nonlinearity with the application of a transverse electric field. Recently, Anderson
et al.[1991] have proposed a photovoltaic effect based on interference between theI fundamental and harmonic fields that phenomenologically accounts for the
observed strength of this field [Kamal, 1990] which is about four orders of
magnitude larger than the field expected from optical rectification. This field
interacts with the material third-order nonlinearity, X3), to provide an effective X(2)
= X(3)EdC. Similar field-induced nonlinearities have been observed in a variety of
material systems, e.g. paraelectric PLZT [Mukherjee, 1990].

We have observed, for the first time, a permanent second-order nonlinearity
in the near surface region of bulk fused Si0 2 induced by a temperature / static
electric field poling process. The induced X(s achieved are three to four orders of
magnitude larger than found in the fiber experiments and approach that of
traditional nonlinear optical materials such as LiNbO3.

The preparation process for generating the X2) nonlinearity in a sample
involves heating it to 250°-325°C in a laboratory ambient while applying a dc bias
of 3 to 5 kV across the nominally 1.6-mm thick samples. After -15 minutes of
poling the heater is turned off and the sample is cooled to room temperature. Once
cooled, the electric field is removed and a stable X(2) nonlinearity is observed. For
most experiments, electrodes (stainless steel and Si) were simply physically
contacted to the sample. Samples have been maintained at room temperatureIwithout special precautions for several months without any noticeable degradation
of the nonlinearity. Application of heat alone, above - 250°C, removes the
nonlinearity. The necessary voltage did not scale with the sample thickness.IAttempts to pole commercial fused silica coverslips (180-pm thick) with a linearly
scaled voltage were unsuccessful. However, large nonlinearities were observed
when these same samples were placed atop a 1.6-mm thick sample and the larger
voltage was applied across both samples.

The SHG signal from these poled samples was obtained with 10-ns pulses atI1.06 iim from a 1-mm diameter Q-Switched Nd-YAG laser beam operating at 10 Hz
at an intensity of 10 MW/cm2. The SHG signals were recorded with aIphotomultiplier tube (maximum signal / noise -500:1).
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Figure 11-5: Corafocal microscopy images of the induced birefingee in PUZT
thin films at E=20 kV/mm (top) and E=0 WVhmm (bottom). The
distance between the electrodes is 8 I&m; the spatial resolution is -0.4

We used several commercial grades of amorphous silica including Optosil,
Homosil, Infrasil, and Suprasil. The strength of SHG signal was approximately the
same for all samples (within a factor of two variation) except for Suprasil which
showed a signal only -10% as large. Suprasil, manufactured by a synthetic process,
has a level of metal impurities only 10% that of the other grades.

_____ _
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Figure 11-6: Saturation of the quadratic electrooptic effect in PLZT 28/0/100
Il films at high applied electric fields.

This large difference in SHG signals suggests that impurities play a role in
the generation of the large observed nonlinearity. Typically, the dominant metal
impurity in Optosil and related materials is Al with a concentration of 20-50 ppm.
Al is known to substitute for Si in as-grown fused silica samples. Brower [1979]

I has investigated the formation of paramagnetic impurity centers associated with
these Al impurities including AMO' and AlOv'-Naa complexes formed under
ionizing radiation. The temperature induced destabilization of these complexes is
similar to the observed dependence of the SHG signal on poling temperature.
Indeed, almost all trapping centers observed in SiO2 films have shown thermal

I discharge temperatures in the range from 100-400"C [DiMaria, 1978].

Perhaps similar charge compensated molecular complexes are formed and
oriented during the poling process and induce a macroscopic XP. If such localized

I moieties are indeed present then the individual hyperpolarizability A can be
estimated from the measured XP. Assuming an impurity density of 50 ppm, P is
estimated to be 10- m4/V, many orders of magnitude larger than that of Urea or
MNA. This casts significant doubt on a localized impurity model for the
nonlinearity.I

I
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Another possibility for the nonlinearity is a field-induced third-order process
similar to that proposed for the fiber experiments. Using the known fused silica
x3)_10-22 m2/V, the dc field required to generate the observed ) is - 107 V/cm.
This large field might be generated in the fused silica by charge separation at high
temperature followed by trapping as the temperature is lowered with the field
applied. The major charge carriers in fused silica (9-eV bandgap) in this
temperature range are likely to be cations such as Na + . Under the applied
temperature and bias, these cations will drift to the cathode leaving a space-charge
region with a fixed concentration of trapped negative charge very similar to that in
Schottky barriers. Under these conditions, the major part of the externally applied
potential is dropped over a depletion region of only several micrometers enhancing
the field strength. Assuming an impurity density of 50 ppm (the nominal total
impurity concentration) and a poling voltage of 5 kV, a space charge width of 5-6
pm and a maximum field strength of 107 V/cm is estimated across the depletion
region, comparable with the experimental observations. Additionally, this
mechanism is consistent with the experimental observation of a fixed voltage rather
than a fixed field requirement on thickness scaling. This model provides for regions
of high field at each end of the sample. Experimentally, the nonlinearity is only
observed on the anode side. This may be due to inequivalent charge distributions
leading to varying field strengths and effective lengths, or to charge injection due to
tunneling (which seems unlikely with the poor contacts used) or to hot carriers from
plasma breakdown near sharp protrusions on the electrodes.

We have generated a very large second-order nonlinearity in the near surface
regions of bulk fused silica. The X(2) coefficient of lxJO-12 m/V is of the same order as
crystal quartz and is three orders of magnitude larger than that reported for fibers.
A possibility for the microscopic mechanism of this nonlinearity involves the
creation and orientation of nonlinear complexes during the poling process.
However, this model leads to questionably large values for the hyperpolarizability.
Another possibility is the generation of a large dc field (107 V/cm) by charge
separation and trapping curing the poling process, which induces the large X(2) by a
field-induced third-order process. Because of the ready manufacturability of silica
optical materials and their integration with semiconductor optoelectronics, this
nonlinearity may have important applications in waveguide and other
optoelectronic devices.

In a recent development, we have extended the observation of these large
nonlinearities to thin films of SiO2 grown on Si substrates. This was accomplished
by growing a thin film of silicon nitride above the SiO2 . The Si3N/SiO2 interface is
known to be highly defected and provide a large number of deep traps for charge
storage. This is the underlying principle behind one type of nonvolatile memory
element used in microelectronics. This result is particularly significant since the
nitride layer also provides a high-quality waveguide as well as integration with
semiconductor structures.
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11.2 PROCESSING AND FABRICATION

11.2.1 MOCVD Regrowth

With advances in fabrication and growth technologies, these two areas are
becoming inextricably intertwined. Efforts in regrowth on GaAs epilayers following
fabrication for both leaky-mode diode laser arrays and integrated HPT-VCSEL
switches are discussed in the materials and integration sections.

H.-3 Interferometric Lithography Fabrication of Quantum Wire and Dot
Structures

The use of optical interference effects to form grating structures with a period
comparable to the optical wavelength is well established [Anderson 1983]. It is
quite simple to fabricate gratings to periods of approximately 0.25 tim using an Ar-
ion laser source. Adjusting the exposure and development conditions, it is possible
to generate line-space ratios that deviate substantially from unity and hence to
generate very small structures that are of interest for quantum confinement effects.
Interest in this topic, and application to Si structures, has been rekindled by the
observation of efficient visible photoluminescence from electro-porous Si (Canham,
1990; Halimaoui, 19911. This luminescence has been attributed to quantum size
effects which both shift the spectral peak to shorter visible wavelengths and,
because of the strong localization, enhance the luminescence efficiency.

By optimizing the interferometric lithography process, we have been
successful in generating photoresist mask structures to only 40 nm. Working with
<110> oriented Si, we have used the highly anisotropic KOH wet etching
characteristics to transfer these patterns into the Si. Figure 11-7 shows an electron
micrograph of a series of 40-nm wide, 0.7-tm deep Si lines on a 1-tLm pitch. The Si
width can be further reduced by simple oxidation processes. Figure 11.8 shows a
micrograph of a similar structure (initially 150-nm wide) that has been thermally
oxidized to a depth of approximately 60 nm. The remaining Si is shown by the
slightly darker lines in the center of each structure. Finally, Figure 11.9 shows the
result of stripping off the SiO2 with a HF solution. At the waist, these structures
are only 10 nm wide! We have further optimized this process to leave very small
(10-40 nm diameter) isolated Si wires surrounded by SiO2. These are very
interesting structures that will provide an important test of the mechanism for the
observed photoluminescence.

Further refinements on the lithography process allow parallel connections of
many similar wires and offer the possibility of electrical excitation and observation
of quantum transport effects. This is illustrated in Figure 11-10 which shows a top
view of 12-tLm long, 50-nm wide Si wires connected to -1-tim wide "bussbars"
running at right angles. This structure was fabricated using a double exposure,
moird technique.
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Figure 11-7: Electron micrographs of 40-nm wide Si structures, 0.741~m deep
on a 0.5 i~m pitch formed by interferometric lithography and KOH
etching of ci110> Si. The vertical walls are Si <111> planes.
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Figure 11-8: Electron micrographs of 150-nm wide Si lines that have been
thermally oxidized to a depth of -70 nm. Note the darker Si structure
in the center of each oxidized line.
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This interferometric lithography process shows great promise for a number of
important applications. Conventional imaging lithography is now being used for
-0.5-1&m critical dimension (CD) structures in advanced development laboratories.
Using phase-shift mask techniques, estimates are that 0.2-Im CDs will be achieved
on a manufacturing scale within the decade. The present results demonstrate 0.01-
Im CDs - and further extension to shorter wavelength optical sources is
straightforward. It will be important to increase the flexibility of this process to
more complex structures if it is to have a significant range of application.

r

.• s

Figure 11-9: Electron micrographs of the sample of Fig. 11-8 after chemical
removal of the SiO2. The minimum dimension of the Si is only 10 nm!
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Figure II-10: Electron micrographs of a pattern with 50-nm wide lines
etched into <110> Si connected in parallel to - 1-lgm "bussbars" every
12 pm. This pattern was the result of a moird double exposure.

U.3 DEVICES

11.3.1 Semiconductor Lasers

External cavity transverse mode filtering of high-power lasers and laser
arrays

Since Sept. 1989, CHTM personnel have grown GaAs/AIGaAs and
InGaAs/GaAIAs GRIN-SCH SQW laser wafers and fabricated several wide stripe
laser designs emitting from 740 to 980 nm. Typical performance: Jth -300 A cm-2,
vqit close to unity, power output better than 1 W/facet pulsed (1 ps, 1% duty cycle),
multiple transverse mode with strong tendency to filamentation characteristic of
wide stripe lasers.

Initial experiments (conducted jointly with PILOT personnel during 1990-9 1)
on transverse mode filtering have been very successful: an anamorphic external
cavity has been designed which is stable in the vertical direction and unstable in
the horizontal (epitaxial) plane. With an AR-coated internal facet this allows
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nearly diffraction-limited output powers of -300 mW (without an HR-coated back
facet) at up to 3Ith.

This work is being carried out in collaboration with Chuck Moeller of the
i Phillips Laboratory and Greg Dente of GCD Associates.

Antiguiding wide stripe lasers

The success with external cavity transverse mode filtering has led to the
theoretical analysis and design of wide stripe lasers with built-in index antiguides:
these effectively comprise distributed unstable reson&tors o:t tne laser chips. Two
designs have been investigated: the buried-lenslet (BL) and buried continuous
grade (BCG) structures.

The buried lenslet device embed- diverging lenticular pieces of low-index
material close to the active stripe, creating a negative effective index profile in the
lateral direction. Theoretical work is underway in coilaboration with Dr. Alan H.
Paxton of Mission Research Corp., Albuquerque. Several samples have been
fabricated and tested, and the initial results are encouraging: the better
(magnification -4) devices showed single transverse mode, nearly diffraction
limited outputs to 21th and 100 mW. Two-point transverse coherence sampling
measurements have been performed at the Phillips Laboratory, showing -90%

I coherence over more than 50 pm. A second set of samples is in process, covering
high ; magnifications (2-5). We are also studying the trade-off between
m- ",cation and laser threshold.

The buried continuous grade device also produces a negative effective index
profile, this time by etching an appropriate continuous lateral profile in GaAs close
to the active stripe, then overgrowing with AlGaAs. We have begun characterizing
laser-assisted chemical etching processes for producing these continuous profiles:
several sample wafers have been etched and studied by optical microscopy and
surface profilometry. Fabrication of complete devices will proceed when this
process has been adequately characterized.

This work is being carried out in close collaboration with Mike Allen and
Craig Largent of the Phillips Laboratory, with Greg Dente and Mike Tilton of GCD
Associates, and with Al Paxton of Mission Research Corporation.

Bow-tie waveguide laser structures
Another technique for producing mode discrimination is by differential

radiation losses at some feature such as a diffraction coupling section or a cinched
waveguide section. We are studying an Ortel structure and a new "bow-tie"
structure. Wafers have been grown and design calculations are underway to make
the first devices for testing at CHTM.

I
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This work is being carried out as part of his research program by Karl
Dahlhauser, a student at UNM as well as an officer at the Phillips Laboratory, in
collaboration with Greg Dente and Mike Tilton of GCD Associates.

I Modal characteristics of broad-area lasers

Recent progress in broad-area semiconductor lasers, with nearly 5 W of
reported cw output power, demonstrates that they represent an attractive
alternative to diode laser arrays for high-power applications. Understanding the
lateral mode structure of these devices becomes therefore increasingly important.
We have investigated experimentally SONY carrier-guided broad-area lasers with
thin GaAs/AIGaAs double-heterostructure active regions. These devices are known
to operate in a superposition of many lateral modes with complicated near-field
patterns and broad double-lobe far fields. However, our observations of near- and
far-field patterns indicate that much simpler modal configurations can exist near
threshold. For a 50-tim wide device at room temperature (threshold current It =-
119 mA), the near field evolves from three peaks at 121 mA, four at 131 mA, and so
on, which corresponds to excitation of a combination of first three, four, etc. lateral
modes. Combination of two lowest-order modes was observed at 5°C for pumping
level of 120 mA (Ith = 107 mA). Because of the very small modal gain differences, no
single lateral mode can be observed alone. Similar measurements performed on a
200-pi wide device revealed four stable peaks from very low current level (< 5 mA)
up to the threshold. We have interpreted these measurements assuming weighted
combinations of individual modes, yielding a basis of unperturbed broad-area
modes important for studies of perturbed systems, such as thermal effects and
spatial redistribution of carriers in high-power broad-area lasers and carrier-guided
arrays.

Side-Mode Injection Locking of Semiconductor Lasers

I There has been a growing interest recently in application of injection-locking
techniques to semiconductor lasers. A primary motivation for these studies is the
prospect for application of injection-locked lasers in coherent optical communication
systems. The performance of such systems is greatly influenced by noise
characteristics of the light source. We have conducted the first multimode

* numerical studies of field-noise spectra in injection-locked semiconductor lasers.
Field-noise spectra are important since they carry direct information about
linewidth and lineshape. In the simulations, we consider InGaAsP/InP index-
guided master and slave lasers emitting at -1.54 jIm. The master oscillator
wavelength is adjusted to match various modes of the slave laser. First, stationary
solutions of the multimode rate equations without any noise terms are found for
both the master and slave oscillators. These solutions are then used as initial
conditions in simulations of temporal evolution with Langevin noise terms included.
The temporal behavior of the master laser is found first to provide an injected
signal with a noise component. In addition to the spontaneous emission noise and

I
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electron population fluctuations, the injected signal also contains partition noise.
I The multimode stochastic rate equations with external injection terms are then

solved for the slave laser. This allows us to investigate side-mode injection locking
and the competition between the target mode and the dominant free-running mode.
The field-noise spectra are obtained from the time-dependent solution using a fast
Fourier transform algorithm. The stable locking range is predicted to increase with
the detuning from the gain peak. This implies that better locking and eased
operational tolerances can be expected with side-mode injection. This prediction is
confirmed by numerical simulation of noise spectra with different target modes.
While the noise spectra for the peak-mode injection indicate poor locking of the free-
running dominant mode, the field-noise spectrum of the slave laser is almost a
replica of the master oscillator when mode +3 (short-wavelength side of the gain
spectrum) is chosen. Thus, by proper choice of the injected mode, it is possible to
achieve nearly perfect locking. The results are consistent with our earlier
calculations of frequency-noise spectra.

VERTICAL-CAVITY SURFACE-EMITTING LASERS

N Optical pumping of low-threshold VCSELs

During the last three years, enormous strides have been made in VCSEL
science and technology. Our invention and refinement of the resonant periodic gain
(RPG) medium has been critical, enabling CW operation for the first time. We have
also been innovative in applying a now-standard VCSEL technology: high-
reflectivity (>99%) epitaxial mirror growth and design. Our optical pumping studies
have produced single transverse mode operation up to -15 mW from a 8-pm
diameter spot, with a threshold of -10 mW of absorbed power at 750 nm. Because
of these modest power requirements, VCSELs pumped by conventional edge-
emitting diode lasers have been developed, with pump-limited power outputs up to
100 mW quasi-CW; VOSEL outputs are single mode at low powers (<10 mW) with
spectral widths of -0.02 nm. The diode-pumped VCSELs have been modulated at
gigahertz rates by applying the modulating waveform directly to the pump laser.

Picosecond optical pulses from VCSELs have been generated and
characterized by optical pumping with picosecond dye-laser pulses. The output
pulseshape was obtained from the cross-correlation of pump and signal sources.
The dependence of VCSEL laser pulsewidth and pump-signal delay are in good
agreement with a simple rate equation model of the pulse formation. A cavity
lifetime of 8.3 ps, compared with a gin medium transit time of -0.1 ps is found for
these very high-Q cavities. These measurements have been extended to double-
pulse excitation to investigate the potential of these devices for very high data-rate
communications applications. The output pulses are resolvable for input delays as
short as 15 ps.I

U
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High-power, large-area optical pumping of VCSEIs

Using high-power dye lasers, we have investigated power scaling properties
of the optically pumped RPG-VCSEL, investigating the results of pumping spots
from 10 tum to several mm in diameter. Generally, the threshold power per unit
area did not increase, but there were large variations in this threshold power
density and in the external quantum efficiency due to variations over the wafer
surfaces. Using a single-shot flash-pumped dye laser, we pumped areas up to 1
cm 2, achieving pulse energies greater than 20 mJ for 500 ns (duration limited by

I pump laser), for peak powers in excess of 40 kW. The spectral output was very
broad (envelope widths -1 un) and the optical power conversion efficiency was in
the range 20-35%. Future efforts will emphasize medium-power (multi-watt) diode-
pumped compact VCSELs and transverse mode filtering for best spatial coherence.
We will apply the techniques (external cavities, antiguides) learned using edge-
emitters to enhance the coherence properties of these high-power VCSELs.

This work is being carried out in collaboration with Cheryl White and Al
Paxton of Mission Research Corporation.

Distributed-feedback Resonant-Periodic-Gain Surface-Emitting Lasers

3 The dramatic progress in vertical-cavity surface-emitting lasers over the last
two years has resulted in a variety of novel device structures. Recent development
efforts have concentrated on reducing the lasing threshold and/or increasing the

I maximum output power. A significant new concept, allowing to achieve gain
enhancement in the vertical direction, was replacement of the bulk active region
with narrow (single- or multiple-quantum-well) layers in a carefully designed
Bragg resonator such that the positions of the active layers coincide with antinodes
of the laser radiation at a designed wavelength of operation. VCSELA with a single
active region satisfying this resonant condition are often called microlasers. AU simple extension of the microlaser concept leads to introduction of distributed-
Bragg-reflector resonant-periodic-gain (DBR-RPG) lasers, in which multiple active
regions are separated by half-wave spacers. The most recent advance in RPG laser
structures, proposed and demonstraed at UNM, is a distributed-feedback resonant-
periodic-gain (DFB-RPG) VCSEL, where an RPG active region is intercalated with
the multilayer high reflectors (MHRs). This design, shown schematically in Figure
II-11, eliminates the need for end reflectors and reduces the total thickness of the
device, while retaining all of the characteristic features of the RPG medium. Our
first DFB-RPG VCSEL GaAs/AIGaAs/AIAs laser has been fabricated by MOCVD.
The device consists of a stack of 10-nm thick GaAs single quantum wells separated
by half-wave AlAs/A10. 15Ga0.&As spacers. The whole structure contains 42.5
periods, of which 24 are at the GaAs substrate side and 18.5 at the top. The output
light is collected through the top reflector. The total thickness of the DFB-RPG
structure is -5.5 gm. For the sake of comparison, a DBR-RPG laser with the same
cumulative active medium thickness and MHR reflectivities would be almost two
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i times thicker (-10.5 pm). A direct consequence of shorter cavity length is increased

longitudinal mode spacing. Compared to an equivalent DBR-RPG device, a
remarkable difference between the two structures is the absence of any side modes

I within the entire high-reflectivity band of the DFB-RPG laser. The as-grown
wafers were optically pumped using the 740-nm output of an Ar-ion-pumped dye
laser, with the pumping beam diameter of 10 pm. The cw output power of 7 mW
(without heat sinking), see Figure 11-12, is considerably higher than that obtainable
from single-quantum-well microlasers and is comparable to that of DBR-RPG
devices. The output power density was 4.5 MW/cm2, the highest ever reported for
any semiconductor laser.
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Figure II-11: Refractive index profile Figure 11-12: Typical input/output
of DFB-RPG structure showing curve for room temperature cw
GaAs quantum well gain optical pumping at 740 nm.

I regions intercalated with the
V44 reflector stack. The number
of periods is reduced for clarity.

I Thermal properties of etched-well surface-emitting diode lasers

Vertical-cavity surface-emitting lasers are generating considerable interest
due to their potential for integration into 2-D arrays. Efficient heat dissipation,
along with ultra-low threshold, is critical for applications such as optical
interconnects where massive integration is required. Yet, thermal effects in
VCSELs received very little attention so far. The only published analysis is based
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on assumptions of homogeneous heat generation in the active region and one-
dimensional vertical heat flow between the active region and a heat sink. These
approximations lead to overestimated heating effects. In our approach, we use
analytical solutions for current spreading derived for Burrus-type LEDs. The heat
spreading problem is solved analytically using an equivalent electrical circuit
technique. Thermal-electrical self-consistency is achieved by an iterative process.
Our model provides a useful tool for the design of devices operating cw at room-
temperature.

Thermal waveguiding in etched-weil surface-emitting diode lasers

Inherent single-longitudinal-mode behavior and narrow non-astigmatic
output beams are among attractive features of vertical-cavity surface-emitting
lasers. It is, however, more difficult to control their transverse mode structure,
which can involve many high-order modes. Transverse-mode behavior of VCSELS
is very poorly understood, mainly because little is known about transverse profiles
of complex permittivity in these devices. We have carried out the first
comprehensive study of factors that determine the waveguiding properties of
VCSELs. The analysis has been performed using a new self-consistent thermal-
electrical model of VCSELs, featuring a realistic distribution of heat sources and
two-dimensional current- and heat-flux spreading. The device under consideration
is a typical double-heterojunction GaAs/AlGaAs etched-well VCSEL with bulk
active region. The laser is assumed to have a 2.5-im thick active region, 5.5-ILm

I long cavity, and a circular window of 10- m diameter etched through the substrate.
We have examined distributions of injected current density and temperature
profiles, which in turn determine the active-region permittivity profile. StrongI nonuniformity of current density indicates that etched-well VCSELs may suffer
from poor matching between the optical field of fundamental transverse mode,
which has an intensity peak at r = 0, and the optical gain, which with improper
design may be maximum at the edges of the active region. Inhomogeneity of cur-
rent density can be softened by increasing the donor concentration in the N-AlGaAs
cladding layer. This is due to reduction of N-AlGaAs sheet resistance resulting in
deeper penetration of carriers towards the device axis. In the limit of zero sheet
resistance, a perfectly uniform distribution would be obtained for the entire active
region. Hence, inhomogeneity of carrier-induced refractive index perturbation can
be controlled by selecting proper N-AIGaAs doping level. Current density dis-
tribution also influences temperature profiles via Joule heating. While the averageI= active-region temperature remains nearly constant with varying N-AIGaAs doping
level, the actual temperature profiles do change, offering means to control the
nature of thermal waveguiding from antiguiding to thermal focusing. Depending
on specific application, either of these effects may be of interest. The ability to en-
gineer thermal waveguiding in etched-well VCSELs by rather simple technological
process is a unique feature of these devices.

I
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I DIODE LASER ARRAYS

See also the work on leaky-mode diode laser arrays reported in the MOCVD section.

Measurements and interpretation of near-field phase fronts by shearing
interferometry

We have proposed and demonstrated a reliable technique for measuring
near-field phase fronts of phased-array semiconductor lasers. Laterally sheared
interferograms are generated in a Sagnac-type ring interferometer with zero optical
path difference between two beams, eliminating problems due to equal optical path
requirements in other systems. A Fourier transform method is used to extract
phase difference information from the nonuniformly illuminated interferograms;
phase discontinuities between adjacent stripes of carrier-guided laser arrays are
observed. The technique is suitable for high-power diode lasers with their short-
coherence lengths. Reconstructed lateral phase fronts provide information about
the modal composition of the array and agree well with measured far-field patterns.

Coupling of multistripe arrays to external resonators with spatial filters

3 A high-power (68 mW with output facet reflectivity of 90% which corresponds
to estimated 266 mW with output facet reflec-ivity of 30%), on-axis, single-lobe far
field with nearly diffraction-limited (0.64") full width at half maximum has been
achieved from a ten-stripe carrier-guided anti-reflection-coated laser array by
coupling to an external cavity with a spatial filter. The in-phase operation has been
verified by wavefront measurements using shearing interferometry. The power
penalty for inserting a spatial filter in external cavity is less than -20%. This
technique provides a very attractive approach to achieving inexpensive high-power3 fundamental-transverse-mode laser sources.

Theory of diffraction-coupled arrays

I Diffraction-coupled arrays, where in addition to usual evanescent coupling of
individual waveguide modes further interaction is provided by diffraction in a
laterally unguided section, were proposed for operating in a stable, single far-field
lobe. The performance of these arrays is, however, very sensitive to the device
design, since phase relations between adjacent waveguides are critical for
supermode selection. We have developed a new model of diffraction-coupled arrays
based on coupled-mode theory. The eigenmodes of the waveguide section
(supermodes) are calculated using the improved coupled-mode theory which takes
into account nonorthogonality of the basis of unperturbed waveguide modes and
allows for coupling between all of these modes. The eigenmodes of the system are
determined by mixing of the supermodes in the diffraction region. The supermode

_I mixing coefficients are obtained by evaluating the reflected image at the interface
between the guided and unguided sections of the device using the Huygens-Fresnel

I

I
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diffraction integral. We have applied the new model to 10-stripe GaAs/A1GaAs
laser arrays with fixed center-to-center spacing of 10-pim and various stripe widths
ranging from 6 pm to 3 jm. A simple-minded approach, in which beam-optics

I considerations are used to phase-match the nearest neighbors, starts to fail when
the length of the unguided section is increased beyond 30 Pim. This is mainly due to
an increasing role of diffraction from further neighbors. In addition, the supermode
mixing coefficients are very sensitive to details of the waveguiding channel design.
For example, changing the channel width from 6 to 4 im results in significant side-
lobes in the far-field pattern. Also, the unguided section length of -10 pm has to be
controlled to within a fraction of micrometer in order to achieve single-lobed far
fields. Our results show that the improved coupled-mode theory, with accurate
treatment of diffraction in the unguided section, provides a valuable insight into
the mechanisms governing the performance of diffraction-coupled arrays and allows
an understanding of the complex interplay of evanescent coupling, diffraction
coupling, and beam optics imaging occurring in these devices.

Broad-area mode-coupling model for carrier-guided diode laser arrays

The supermode theory often adopted to explain modal behavior of phased
array lasers is suitable only for index-guided arrays, since it requires a basis of
individual waveguide modes. For carrier-guided arrays, with no built-in lateral
variation of refractive index, such approach fails to predict correctly the number of
system modes and their relative gains. It is more appropriate to treat the carrier-
guided array as a perturbed broad-area laser, since the number of lateral modes is
not limited in this case by the number of array elements. Recently, a simple model
of carrier-guided arrays was proposed by Verdiell and Frey [19xx], based on the
standard perturbation theory. It assumes an infinite loss outside the active region
and ignores differences between modal gains of all the unperturbed (broad area)
modes, claiming that these simplifications would not affect the results significantly.
We have shown that either of these assumptions has important consequences on
the calculated modal gains for the array modes. Rather than using the
perturbation theory, we have followed the coupled mode formulation, but with a
basis of broad-area modes instead of individual waveguide modes. An active broad-
area waveguide is considered, with the gain-index coupling as well as spatially
averaged temperature effects included. The perturbation due to array structure is
assumed in form a raised sinusoidal modulation of permittivity, with gain maxima
at stripe centers. A smooth half-period cosine profile of temperature is also
included in the perturbation. A comparison of the present theory with earlier
simplified perturbation analysis corresponding to a limit of very high loss and
constant reveals that the previous treatment is unreliable in predicting the modal
gains of high-order array modes (mode number larger than the number of emitters).
It should be emphasized that these high-order modes usually dominate in carrier-
guided arrays, hence precise knowledge of their modal gains is very important in
considerations of mode ordering and mode suppression schemes. Our results reveal

IR
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that earlier agreement between the simplified model and experimental observations

was fortuitous. On the other hand, broad-area coupled-mode theory can contribute
to improved understanding of array laser behavior and constitutes an importantIdesign and interpretation tool.

IThermal focusing effects in carrier-guided diode laser arrays

We have examined in detail the role of active region heating in carrier-
guided diode laser arrays, showing that thermal effects are important for the arrayImode selection. The specific device type considered was a uniform 10-stripe
GaAs/AIGaAs carrier-guided array. The array is regarded as a perturbed broad-
area laser whose modes are coupled via complex-permittivity perturbations induced
by heating and injected carriers. Array modes are determined using the coupled-
mode theory. The thermal perturbation is taken as a half-period cosine with center
value of AT, vanishing at the lateral claddings. When heating-induced waveguide
nonuniformity is small, the dominant array mode is m = 10. Calculated
temperature dependence of modal gain spectra reveals that with raisingI temperature, the highest-gain mode shifts gradually from m = 10 to m = 13. Thus,
thermal focusing results in sequential excitation of high-order modes with
increasing pumping current. Calculated near- and far-field patterns for AT = 4C
are in excellent agreement with injection-seeding experiments, while numerical
simulations with AT = 10°C give somewhat narrower near fields for m > 10. This
indicates that the active-region heating may not be as severe as previously thought.
Sensitivity of the high-order modes to thermal focusing can be used to establish the
actual temperature increase with good accuracy.

ITheory of nonabsorbing-mirror diode laser arrays

Nonabsorbing mirror (NAM) GaAs/AlGaAs arrays have been demonstrated
by Spectra-Diode researchers to deliver thermally limited cw output powers as high
as 2.4 W from a 100-pm aperture. Typically, these devices operate in high-order
array modes with a double-lobed far field. We have shown that with careful design,
the NAM section can be utilized to favor single far-field lobe operation. We treat
the NAM array as a composite cavity consisting of a waveguide region in which
parallel single-mode waveguides are coupled through evanescent fields of guided
modes, and a uniform NAM section which provides further coupling between
individual waveguide modes via diffraction. The eigenmodes of the waveguide
section (supermodes) are calculated using the improved coupled-mode theory. The
supermode mixing coefficients, determining the eigenmodes of the composite cavity,
are obtained by evaluating the reflected image at the interface between the
waveguiding and uniform sections of the device using three-dimensional diffraction
integral. If the phase difference between light returning from the NAM section and
injected back into any particular waveguide and its nearest neighbor is an integer
multiple of 2n, the in-phase supermode is reinforced. On the other hand, small
variation in the NAM-section length and/or the waveguide spacing is sufficient to

I m m m I | | I | |
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change the far-field dramatically. The performance of NAM arrays is, therefore,
very sensitive to details of the waveguide structure.

I OPTICAL SWITCHING

I VCSEL-based bistable optical switches

Theoretical studies have indicated that VCSEL-like structures will permit
absorptive bistable optical switching at thresholds a factor of four lower than
conventional MQW etalons. The proposed mechanism is saturation (by carrier
screening) of the excitonic absorption, and the nonlinear absorption will be
optimized in the same way as the gain in a RPG-VCSEL, by maximizing the spatial
overlap of the antinodes of the optical field within the etalon with the quantum
wells. Experiments have been performed to determine the excitonic resonance
wavelengths, and these data togther with a model for the quantum well absorption
spectrum have been used to design a wafer for MBE growth.

In future studies of this phenomenon, arrays of bistable switches will be
grown and characterized, and applied to problems requiring fast (GHz) threshold or
pulse coincidence detection. A prime example of such a problem is time-division

I demultiplexing of data or sensor channels.

Mode switching and beam scanning in twin-stripe lasers and laser
amplifiers

The overall concept of mode switching is to allow the laser output to be
modified (switched, scanned or modulated) without having to switch the laser on or
off, requiring modulation of the carrier density. This is a significant advantage,
because changes in carrier density are limited dynamically by the carrier lifetime,

I which is typically a few nanoseconds.

In the twin stripe laser, theory shows that linear beam position scanning or
bistable mode switching is possible, by adjusting the injection currents into the
stripes, by increasing the intensity of a beam coupled into one stripe, or by injecting
an optical trigger pulse. An initial batch of twin stripe lasers has been fabricated

I and is undergoing initial testing.

Mode switching in grating-coupled surface-emitters

Theoretical studies have shown the existence of spatially bistable and
separable modes from grating-coupled surface-emitting (GSE) lasers. These modes
offer the prospect of fast switching transitions in these devices, which are extremely
difficult to modulate or switch by conventional means owing to their very long
photon lifetimes. Future studies will concentrate on designing and testing GSE
structures which will oscillate preferentially in such asymmetric modes as opposed
to the more usual symmetric spatial output patterns.

I mm m •lms
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I NONLINEAR DYNAMICS OF SEMICONDUCTOR LASERS

Multi-gigahertz modulation of semiconductor lasers and laser amplifiers

Theoretical and experimental studies of semiconductor lasers modulated at
depths approaching 100% at gigahertz rates have been carried out, showing a
tendency to chaotic oscillations via period doubling. It was determined that these
tendencies are most pronounced at specific irrational ratios between the modulation
and relaxation oscillation frequencies, but this effect should not be a problem in
conventional optical communication and sensing systems which use lower
modulation depths.

This work is in collaboration with Sylvia Mancha and Dave Gallant of the
Phillips Laboratory and Greg Dente of GCD Associates.

Dynamics of external cavity semiconductor lasers and laser arrays

Extensive theoretical and experimental research has been done on the
dynamics of external cavity lasers at feedback levels ranging from -80 to -10 dB of
the emitted power. The problem of coherence collapse, the catastrophic spectral

* broadening within a single diode mode which can be deleterious for communication
or sensing systems, has been investigated in detail, demonstrating a quasiperiodic
route to deterministic chaos in most circumstances and a period doubling route in
certain special cases. In each case, there are clear self-pulsing precursors due to
feedback-induced undamping of the relaxation oscillations in the laser diode.

At higher feedback levels, mode mixing effects in external cavity lasers with
small tilt misalignments, or in double external cavity lasers, have been studied
experimentally and theoretically. Several novel phenomena have been observed
and explained, including low-frequency self-pulsations, spectral mode splitting,
subharmonic bifurcations leading to chaos, and sudden-onset transitions to chaotic
or multimode states. Apart from the fundamental significaace of these studies to
the science of nonlinear dynamics, there are also practical implications for
designing laser-based systems in which optical feedback is often inevitable. Studies
of this kind are especially important where high analog fidelity or low digital error
rates are required, such as precision control, analog high-speed transmission or
data transmission within and between computers.

Dave Gallant and Dave Bossert of the Phillips Laboratory and Greg Dente of
GCD Associates have collaborated on this work.
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EXTERNAL CAVITY SEMICONDUCTOR LASERS: STABILIZATION,

METROLOGY

Longitudinal mode stabilization, linewidth narrowing

The slow phase diffusion processes which determine the laser linewidth can

be filtered effectively by a combination of drive current and temperature
stabilization in concert with external optical feedback from either a simple externalIreflector (mirror or grating) or a composite high-Q external resonator (etalon or cell
containing a resonant medium). Using various combinations of these procedures,
we have obtained ~10 kHz linewidths from semiconductor lasers at milliwatt power
levels, with tuning ranges of -10 nm centered at the gain peak. These external
cavity lasers are potentially useful for coherent optical communication, spectroscopy
or precision Doppler velocimetry (see below).

High power, tunable external cavity lasers

I By careful AR coating and placement of a wide stripe laser diode in a
dispersive eyrternal cavity (e.g. one containing a diffraction grating), we have
obtained pulsed power outputs of up to 600 mW (1 p9s, 10 kHz) in a single
longitudinal diode mode whose width has been tentatively measured at 0.05 nm
(instrument-limited). The tuning range was better than 30 nm, and the device was
extremely stable with respect to changes in the drive current and ambient
temperature.

IDouble external cavity laser studies

Double external cavity lasers have been studied experimentally andItheoretically for a variety of purposes: (1) to determine the stability conditions for a
single external cavity laser with respect to additional optical feedback, (2) to
investigate the feasibility of using compact external cavity arrangements forIeffective mode stabilization and linewidth narrowing, and (3) to understand their
nonlinear dynamical properties.

(1) External cavity lasers have feedback sensitivities comparable to those of
isolated lasers, but it is possible to minimize this sensitivity by careful choice of the
mirror reflectivity, internal facet reflectivity and cavity length. This information

Iwill be useful in designing stable external cavity lasers for real systems in which

feedback is unavoidable.

(2) A compact double external cavity laser was designed, constructed and
successfully tested. While a short external cavity provides effective longitudinal
mode selection, it does not provide effective linewidth narrowing;, on the other hand,
a long external cavity will narrow the linewidth of a single mode but will not select
that mode very strongly. As an alternative to the grating external cavity (whose
coupling strength is much less than a mirror cavity), we first built a combination

I
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short (41 mm)-long (10 cm) cavity which provided -100 kHz linewidth in a single
longitudinal mode. To make this structure more compact, we used a combination of
two short (millimeter) cavities with a small phase offset; the vernier principle of
combined external cavities made this equivalent to a short-long combination, the
long external cavity length being the least common integer multiple of the two
actual cavity lengths.

Doppler velocimetry using laser diodes

Using diffuse reflections from a moving object (a piece of paper on a
turntable), Doppler backscatter modulation of a laser diode has been demonstrated
theoretically and experimentally. The resulting noise satellite peak has been
detected using a spectrum analyzer, and velocities of -1-10 m s-1 have been
measured. Data have been read out using both an external detector to monitor the
laser output, and using direct monitoring of the voltage across the laser diode itself.
A compact screened housing has been built for the laser Doppler velocimeter, and
sensitivity measurements indicate that effective reflections as small as -65 dB can
be detected. A compact readout system using a dedicated mixer (instead of the
bulky spectrum analyzer) has been designed and is under construction, and we are
planning experiments to use the device for measuring airflow velocities.

H.4 DEVICE INTEGRATION

Again, the difficulty in separating materials growth and processing, device
synthesis and integration is apparent in this section. Much of the work on
electrical pumping of VCSEL lasers as well as on their integration with
phototransistors and photothyristors is collected here with an emphasis on use in
optical switching and interconnection applications.

Vertical-Injection Surface-Emitting Lasers:

Vertical-cavity surface-emitting lasers (VCSELs) are the building blocks of
multi-stage, two-dimensional optical networks, with potential applications in
photonic switching, optical computing, and optical interconnection architectures.
Not only are they useful as individually-addressable source arrays, they are also
the major component in many optical switches and logic modules. To perform their
multifarious optical functions, the VCSEL-based components must be cascadable,
integrable, and be capable of direct parallel access. Their integrability into dense,
two-dimensional functional arrays is essential to the realization of compact optical
networks, provided that the thermal dissipation can be reduced to a tractable level.
This presupposes the availrbility of high-performance VCSELs with low operating
voltage and current, low series resistance, and high overall power efficiency. Most
of the previous achievements in VCSEL technology are deficient in these areas, due
in large measure to their high series resistance. We have made significant

I
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improvements by using a new VCSEL structure, which has set new benchmarks in
electrical performance characteristics.

The series resistance of a VCSEL derives principally from: the contact
resistance, the spreading resistance, and the impedance of the heterobarriers
(mirror layer interfaces) to carrier transport. We have successfully reduced all three
with a novel VCSEL design. Our ability to continuously grade all the
heterointerfaces by MOCVD growth, and thus minimize carrier trapping and
scattering, was particularly instrumental in reducing the series resistance of the
VCSEL to a heretofore unheard of 20-Q level. The threshold voltage was also
reduced to the 2.5-3.0-V range, which is close to the values required for
conventional 5 V laser drivers. VCSELs with a threshold density as low as 770
A/cm 2 have been demonstrated, again close to the lowest value ever achieved by
any type of surface-emitting laser. The cw, room-temperature lasing characteristics
are comparable to those of state-of-the-art MBE results, with optical outputs up to
2 mW, differential quantum efficiency as high as 80%, and power dissipation as
low as 12 mW per VCSEL. The epilayer structure and the VCSEL device
characteristics are summarized in Figure 11-13.

Since the VCSELs are processed as a two-dimensional array, their individual
addressability is readily demonstrable. Their packing density, however, has yet to
be determined. The uniformity of the MOCVD-grown VCSELs is presently not opti-
mal, with thickness variations of -_2% across a 2-inch wafer producing a comparable
lasing wavelength dispersion (±20 nm). On the one hand, this is a shortcoming, but
on the other hand, it is also a useful characteristic that can be exploited to good
purpose in an integrated, polychromatic source array for wavelength-division-
multiplexing system applications.

Optical Switches And Logic Gates Based On VCSELs:

VCSEL strengths (compared to surface-emitting LEDs, for example) include
their superior power efficiency, low beam divergence, good modal characteristics,
high optical contrast (between lasing and spontaneous emission levels), high output
power, and inherent thresholding behavior. These qualities are well-suited for a
two-dimensional array of cascadable, optical threshold switches. An efficient
optical switch should exhibit high optical gain and low switching energy. Thus low
input optical power is used to switch on a more powerful laser source without any
electronic intermediary. The integration of a heterojunction phototransistor (HPT)
with a VCSEL satisfies all of these requirements. A high gain HPT (P=500) can
amplify the photocurrent induced by a relatively low input optical power (< 50 gW)
to provide a collector current of several mA, which is sufficient to drive a well-
designed VCSEL above its lasing threshold. Thus, with the VCSEL and HPT biased
in series, a low optical input to the HPT can switch on the VCSEL from its
quiescent (dark) state, characterized by weak spontaneous e-nission, to a large
output power lasing state, thus achieving a significant optical gain. The lasing
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I threshold of the VCSEL provides a threshold for the optical switching

characteristic.
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We have demonstrated optical switching (Figure 11.14) with a HPT/VCSEL
switch. The optical transfer characteristic shows an optical threshold of 120 AW
and a maximum differential gain of 200. Since the cw output is 2.5 mW, an overall

I optical gain of 20 was achieved. The optical contrast is as high as 32 dB. The
energy required to effect switching is about 5 pJ. These are by far the best VCSEL-
based optical switching results ever reported.

Optical Logic Gates Based On HPT/VCSEL Switches:

These optical switches have also been used to successfully demonstrate
various optical logic functions, such as AND, OR, and XOR (Figure 11.15). The last
gate is particularly important (and also the most difficult to achieve), since the XOR
and AND gates are central to binary arithmetic operations. All the logic gates
consist of simple combinations of HPTs as input channels and one VCSEL output
port (2 for the XOR gate). In e&ch case, the optical input levels determine whether
they are individually or collectively sufficient to switch on the VCSEL in the case of
AND and OR, and to switch off the VCSEL in the case of NAND or NOR. For the
XOR gate, one of the two VCSEL outputs are turned on if and only if only one
input is present. These have all been demonstrated experimentally, with good gain
and contrast, as illustrated in Figure 11.15. The gates are readily integrable into
two-dimensional optical logic arrays providing the parallel processing of many
different input optical channels. These results are the best experimental data on
VCSEL-based optical logic operation to date. We have recently improved upon
these results even further using monolithic integrated logic gates. Plans for a much
higher level of functional integration have also been laid down in the form of a
compact binary adder, which utilizes the XOR-gate and the AND-gate to simulate a
multi-channel chip-level binary arithmetic logic unit.

Transverse-injection Multi-Quantum-Well Resonant-Periodic-Gain (MQW-
RPG) VCSELs

The MQW-RPG VCSEL has demonstrated excellent lasing characteristics
under optical pumping conditions. Although much of the early work on VCSELs
had been on transverse-injection devices, efficient cw lasing at room temperature
has been an elusive goal for these structures. Transverse-injection is appealing
since it is particularly well-suited to the monolithic integration of VCSELs into
arrays and other hybrid integrated circuits. The enhanced gain and high efficiency
of an optically-pumped RPG laser suggest that an electrically-pump analog would
be highly desirable. However, the large separation between quantum wells makes
transverse injection imperative for these structures. Our efforts to demonstrate a
transverse-injection RPG VCSEL has centered on two approaches, one based on the
shallow diffusion of ohmic contacts into an etched-mesa sidewall, and the other
based on ion-implantation of the contacts. Material-selective diffusion of the source
material in the layers of the heterostructure at high temperatures has been a
formidable obstacle to the formation of a p-n junction without incurring shuntI
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I current paths. The latter significantly increased the threshold current for lasing
and exacerbated the self-heating problem, thus making room-temperature
operation difficult. Despite these difficulties, we were successful in demonstrating
for the first time the pulsed operation of a five-quantum-well RPG-VCSEL at room-
temperature (Fig. 11-16). The threshold current is 45 mA (9 mA per well), which
contains a large contribution from shunt currents. Further research is required to
eliminate the shunt current paths in order to achieve cw operation.I
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I
HA SPECTROSCOPY

A number of spectroscopic efforts in support of the materials, processing,
device and integration goals of the AFOSR OERC are reviewed here.

GaAs/AlGaAs laser facet passivation for elevated catastrophic optical
damage thresholds

In collaboration with the Phillips Laboratory's PILOT Program, we have
treated and tested over 50 lasers grown at CHTM for catastrophic optical damage in

Spulsed (1 s) operation. The passivation treatment consists simply of dipping the
laser chips into an aqueous solution of a suitable sulfide (sodium or ammonium
salts have been used) for a few minutes. Typically the damage threshold has
increased by a factor of two, but there have been large variations between devices.
The passivation is seen to wear off after 2-4 hours. Future studies will investigate
the passivated surface chemistry and will involve vacuum overcoating with an
impermeable dielectric film for longevity. In particular, facet etchback techniques
and surface Raman spectroscopy will be employed. Previous Raman and
photoluminescence studies carried out at CHTM have demonstrated a spectral
signature, tentatively identified as amporphous-As, associated with the passivation.

Rob Racicot of the Phillips Laboratory is collaborating on this project.

Photoacoustic Spectroscopy of Weak Absorptions

The sensitivity of surface-photoacoustic-wave detection has been extended by
several orders of magnitude to a surface specific absorbance of ac-10-9 using narrow
bandwidth interdigitated surface-acoustic wave detection and an optical irradiation
pattern that provides a matched signal. Major advantages include narrow-
bandwidth detection and an increased irradiated area that permits more optical
energy on the sample. A rapid, nondestructive, reproducible liquid-bonding
technique has been developed to permit extension of these measurements to a wide
variety of substrates. This represents the highest sensitivity yet achieved for
surface absorption measurements.

Spatially Resolved Confocal-Photoluminescence Spectroscopy

It is commonly thought that the spatial resolution of photoluminescence (PL)
in semiconductors is limited by carrier diffusion lengths, and is thus less than that
of a technique such as Raman scattering which is limited only by diffraction to
lengths on the order of an optical wavelength. However, using confocal microscopy
this need not be true. In confocal photoluminescence spectroscopy, the PL is

Simaged through a pinhole matched to the input pinhole that defines the laser
optical pumping geometry. Only PL that originates within the illuminated volume

I
I
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is allowed to reach the spectrometer and detector. By translating the detection
pinhole, PL originating from sample volumes excited by diffusion can be observed.
Figure 11-16 shows the peak PL intensity observed from a single GaAs quantum
well contrasted with the reflected/scattered 514.5-nm pump light. The much
broader spatial scale of the PL directly displays the effects of transverse diffusion in
the quantum well. These measurements are being extended to ultrafast time scales
to directly measure carrier diffusion constants.
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Fig. 11-16: Spatial resolved photoluminescence (PL) from a GaAs quantum
well structure obtained in a confocal microscopy arrangement. The x-
axis is the position along the sample with the input pump light,I obtained by scanning the confocal aperture in the collection optics,
centered at x=O with a width of ~ 1.5 Itm. The PL trace clearly shows a
much wider emission area as a result of carrier diffusion.
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CASCADABLE SURFACE-EMITTING LASER such that they can collectively, but not individually, produceI; LOGIC: DEMONSTRATION OF BOOLEAN enough current ain to switch on the VCSEL. In the OR-gate
LOGIC configuration, each optical input is of sufflcient intensity to

produce enough current gain to saturate the VCSEL output
power. Consequently, the OR gate can be achieved, using the

Indexing terms: Logic devices, Optical logic same engineered structure as the AND atie, simply by adjust-
ing the power levels of the inputs. This situation is possibleWe demonstrate cascadable optical logic (AND-. OR. and bemutse the incident power level which produces enough

exclusive OR-gates) implemented with beterojunction photo- current gain to drive the VCSEL to threshold (- 130AW
transistors and vertical-cavity surface-emitting lasers. We curet in det s o th ehlf th ow
also discuss an architecture for implementing binary arith- absorbed/I86jW incident) is more than one half the power
metic using cascadable surface-emitting laser logic devices level at which the device saturates (-1. 60,W absorbed/
and optical symbolic substitution. 230#jW incident).

We describe cascadable optical logic gates (AND, OR and V0  A
XOR) based on heterojunction phototransistors wire-bonded A
to vertical-cavity surface-emitting laser (VCSEL) structures.' A' B
These surfaCe-Emitting Laser Logic (CELL) devices have
high optical gain (> 20 overall, > 200 differential), high on/off B
contrast (>34dB), and low switching energy. We are able to A and 8
realise optical logic functions such as inversion, AND, A*B
NAND, OR, NOR, and XOR, etc., using only simple com-
binations of phototransistors and VCSELs. Using these V
optical logic devices, we describe an architecture for imple- - A
menting parallel binary arithmetic based on optical symbol
substitution.' B

The optical Boolean logic operations are demonstrated
using simple combinations of high-gain AIGaAs/GaAs npn
phototransistors and low threshold AlGaAs/GaAs VCSELs.1
The details of the epitaxial growth are described in Reference A XOP B
1. We electrically isolated the VCSELs' and phototransistors 8 AAB
using proton implantations. A bilayer (Au-photoresist)
implantation mask is also used as a liftoff mask to form self- =Vo - 50's PO
aligned electrical contacts. The input (output) apertures of the
phototransistors (VCSELs) are circular with 15/n diameters. Fig. 2 Digital optical circuit configurations and logic operations for

optical AND- and XOR-gate
incident input power, p W Input beams to gates are labelled A and B

r0, By onfiguring two phototransistors and two VCSELs as

700. shown in Fig. I b, we have also demonstrated an optical XOR
3U 600 - gate. For this circuit configuration, when the optical inputs A

500 * and B are present or absent, the potential between the photo-
4, 'transistors is 0 V and therefore no current flows through the
00 VCSELs (this represents the OFF state). However, if only

0- 300- optical input A (input B) is present, then the potential between
200 the phototransistors is approximately + V0( - V) and current
10 flows only through the forward biased VCSEL diode (thus

i0o 100, 8333 8669. representing the ON state). Therefore, for this circuit configu-
0..... -.. •  . wavelength.A - ration, we obtain an optical XOR as shown in Fig. 2 Optical

40 80 120 160 200 inverters, NOR- and NAND-gates using combinations of
input power, p W ___ VCSELs and phototransistors can also be realised. The

Fig. I uight output against light input of discretely integrated CELL at optical logic functions (AND, OR, and XOR) were operated

V0 = 8-0 V up to 2 MHz- The speed of the CELL devices, which depends
upon the operating voltage, photocurrent, device geometry,

Insert: typical lasing spectrum and the transient properties of the VCSELs, is beyond the

scope of this Letter.
In Fig. I we show the light output against light input charac- Because the wide absorption band of the phototransistor
teristic of the CELL device. The principle of operation of the overlaps the emission wavelength of the VCSEL, the CELL
devices is as follows. When illuminated, the phototransistors devices are cascadable. It is therefore possible to implement
are switched from a high collector-emitter voltage, low collec- digital optical computing architecture using arrays of CELLs.
tor current 'off' state to a low voltage, high current 'on' state. For this application, the outputs of a set of CELLs are used as
In the 'on' state, suflicient current is available that the VCSEL the inputs for another set of CELLs and thus the multiple
is driven to lasing. At greater than 160/pW absorbed (230/uW levels of gate operations required for optical computing can
incident. sample is not antireflection coated) input optical be performed. For example, in Fig. 3 we show a schematic
power, the current saturates and thus the output power from diagram of the circuit for an AND-OR-gate sequence using
the VCSEL also saturates. This saturation behaviour is desir- three CELLs. Structures in which the emitter emission wave-
able for digital optical logic so that the 'on' state is represent- length does not overlap the absorption band of the photo-
ed by a single power level (binary) rather than by a range of detector (e.g. an lnGaAs VCSEL integrated with an
output powers. Furthermore, the CELL pair has very high AlGaAs/GaAs phototransistor) are not cascadable and there-
on/off contrast' (> 34 dB) due to the threshold behaviour of fore these devices cannot be used in optical computing archi-
the VCSEL. tectures.
In Fig. 2 we show the circuit configuration and the optical As an example of an optical computing system, we describe

input and output signals from the CELL circuit for AND- and how cascadable combinations of pholotransistors and
XOR-gate operation. For the optical OR- and AND-gate VCSELs are well suited to implement binary arithmetic. The
operations, a single CELL is used to realise the Boolean func- addition can be implemented using combinations of only
tion (see Fig. 2). To operate as an AND gate, the intensity of AND and OR gates, but this would require complementary
the optical inputs A and B into the phototransistor must be optical logi.; inputs. It is much simpler to implement binary
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addition using the XOR and AND gates, which will directly functions can be realised. Although we used discrete com-
perform the SUM and CARRY operations required for the ponents for these demonstrations, the phototransistor and
realisation of a half adder in a single logic step. For binary VCSEL devices are designed to be fully integrable into aI addition, the inputs consist of two N-bit words (two linear monolithic structure to be described in a future publication.
arrays) arranged as parallel rows of N-bit optical data. The We have also discussed a scheme for implementing optical
optical signals from the linear arrays are incident on a I x N binary addition using symbolic substitution and the cas-
linear array of phototransistors and VCSELs configured to cadable CELL devices. The half adder described above is
produce the required logic gates (XOR and AND) for the simple, compact, and has a relatively low component count.
binary addition. In this configuration, multiple binary optical The laser-logic based processors have distinct advantages over

words could be added simultaneously in a two-dimensional spatial-light modulator based processors (such as those based
array. An N-bit binary half adder requires sequencing the on S-SEEDs)s for digital optical computing applications
optical data through the AND/XOR logic array N times. The because laser-logic based processors do not require the
optical outputs of each logic array provide the inputs for the hundreds of bias beams and the associated optical engineering

next sequential logic array, which is repeated N times until all complexities necessary to implement spatial-light modulator
the CARRY bits have been shifted from the least significant based processors.
bit to the most significant bit, at which point the optical addi-
tion of the input words is complete. The required spatial shift Acknowledgments: The authors gratefully acknowledge techni-
of the CARRY bit by one digit with respect to the SUM bit cal discussions and assistance from K. Lear, T. Brennan, S.
can be accomplished with digital optical logic arrays consist- Samora and B. E. Hammons. Sandia National Laboratories
ing of alternating columns of phototransistors (at the input research is supported by DOE contract No. DE-ACO4-
plane of the array) and VCSELs (at the output plane). The 76DP00789. University of New Mexico research is supported
optical outputs from the logic gates are from adjacent VCSEL in part by AFOSR and DARPA.
columns thereby producing the required spatial shift. These
spatial transformations, called optical symbolic substitution,
provide a flexible architecture for shifting digital data that is R. P. BRYAN 18th March 1991
central to binary arithmetic.2 Properly designed, optical sym- G. R. OLBRIGHT
bolic substitution also allows binary addition to take place by Sandia National Laboratories
recycling the output optical data through a single logic array Albuquerque, NM 87185, USA
N times, resulting in a highly compact system and very signifi- J. CHENG
cant reduction of hardware.'

In summary, we have demonstrated cascadable Boolean University of New Mexico
optical logic operations (AND, OR, and XOR) based on Centerfor High Technology Materials

optical circuits of phototransistors and VCSELs. With the Albuquerque, NM 87131, USA

proper circuit configurations, a complete set of optical logic
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Measurements of Velocities by based on semiconductor lasers has been

Backscatter Modulation in demonstrated, making a wide range of
Semiconductor Injection Lasers low-cost applications possible, including

velocimetry with fiber-optic coupling (I]
Elizabeth A. Callan, John G. Mcinerney, and directional anemometry [2]. How-

nd D c Lhic ever, the problems of complexity and sen-Optoelectronic Device Physics Group sitive alignment involved with interferomn-

Center for High Technology and ete alenstill pre in motere-
Matrilseters are silpresent inmost laser v4-

Ui Materials locimetry systems.

University of New Mexico To eliminate the complexity and the
I lneed for precise alignment, a self-

referencing system has been introduced
Abstract that involves backscatter-modulation. For

Backacatter-modulation, also known as backscatter-modulation, a beat signal is
self-mixing, involves coherent mixing of created by introducing a portion of the
the frequency-shifted backscatter light light scattered from a target back into the
from a target with the source light to pro- source laser. Measuring the Doppler shift
duce an intensity modulation. Measuring allows direct determination of the velocity
the Doppler shift allows determination of of the target, thus producing a velocime-
the velocity of the target, thus produc- ter. This approach has been studied using
ing a velocimeter. The use of semiconduc- He-Ne lasers [3], CO2 lasers [4,5], and laser
tor lasers (laser diodes) as the light source diodes [6-9]. The backscatter-modulation
leads to reduced costs of the system, as method requires only one lens to colli
well as reduced size, increased rugged- mate the beam and is self-aligning due to
ness, and high efficiency. The theory the non-directionality of the backscatter.
of backacatter-modulation and velocime- Therefore, it presents significant advan-
try using laser diodes as the light source is tages over interferometric approaches.
presented in this paper. An experimental Using a semiconductor laser (laser
setup is discussed as well as presentation diode) as the source reduces the size ofof the results. the system. There is also a strong cou-
Introduction pling between the phase and amplitude of

The extensive use in industry, aerospace the optical field that results in even minute
and robotics for optical velocimetry has (-80 dB or more) amounts of coherent ex-
encouraged the exploration of a variety of ternal optical feedback causing noticeable
system strategies. One of these strategies changes in the gain and oscillating fre-
involves coherent detection, in which the quency of the laser. Furthermore, laser
Doppler shifted and backscattered light diodes are rugged, efficient, reliable and
from a target is coherently mixed with the inexpensive.
source light to produce a beat-frequency In order to understand velocimetry, it
intensity modulation. is first necessary to understand the char-

Most coherent detection systems involve acteristics of laser diodes. Then, the
some variation of unequal-path interfer- change in the laser characteristics when
ometry and are characterized by compli- feedback, such as backscatter, is intro.
cated precision optics and sensitive align- duced into the laser diode, must be un-
ment. Local heterodyne interferometry derstood. Each of these will be addressedI
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in detail, then applied to velocimetry by where rt and r3 are the field refiectivi-
laser diode backscatter modulation. ties at the ends of the laser cavity, and

rd = 2Ld/v# is the optical round trip delay

Semiconductor lasers in the laser diode cavity, neglecting spon-
Laser diodes are forward-biased p-n taneous emission. If spontaneous emission

junction diode structures grown epitax- were included, the left side of equation 2

Ially in direct-gap semiconductors. By is slightly less than unity when the laser
means of lattice-matched semiconductor is operating. The real part of the las-

hete-ostructures [I0,11], built-in confine- ing equation (2) defines the solitary laser
Iment of injected charge carriers and gen- threshold gain, ga&, while the imaginary

erated photons results, with the injected part defines the oscillating frequency, w as

carriers recombining across the energy gap follows
I of the semiconductor. Optical gain can

be produced by stimulated emission, once g - VA = o - In (r1r2) (3)
the drive current is sufficient to raise the d

system above the lasing threshold, where wr = 2mir (4)
the gain equals the loss. Coherent exter- for some integer n. The two equations
nal feedback reduces the threshold condi- must be satisfied simultaneously.
tion, which results in nearly simultaneous
changes in the amplitude and phase of the Dynamic Properties
optical electric field. The dynamic properties of the semi-

Static Properties conductor laser are described by the rate

The semiconductor laser may be consid- equations for the optical electric field E(t)The emiondctorlasr my beconid-and the injected electron density N(t) and

ered as a single cavity with a gain medium for a single lasing mode are:

the length of the diode, Ld. While the op-

tical beam is propagating it will experi- dE - V - 1.
ence an exponential gain g per unit length (5)
from stimulated emission and an exponen- dN J N
tial loss ai. per uuiL iength due to scatter- - = --- g I E' (6)
ing from defects and free carrier absorp- dt ed r.

tion. Choosing the cavity axis to be in where w is the lasing angular frequency,
the positive z-direction, the optical elec- 01 is the cavity mode frequency, v# is the

tric field obeys group velocity of light in the laser medium,
as is the total loss coefficient (including

E(z) = E(O) expU.jz + (g - oain)z/2 (1) the laser output), a is the ratio of the

where is the longitudinal propagation carrier-induced changes in the real and

constant of the lasing mode. imaginary parts of the electric susceptibil-

As with most laser systems, the oscillat- ity in the laser medium (laser linewidth

ing field must be replicated after exactly enhancement factor), J is the injected cur-

one round trip. Applying the appropri- rent density, e is the electronic charge, d is

ate boundary conditions to ensure round the thickness of the active layer, and r. is

trip replication, the oscillating condition the spontaneous electron lifetime. Equa-

for the laser is tion 5 can be separated into its real and
imaginary parts, representing the field am-

rt1r2 exp[(g - Aij)Ld] exp(jwr,) = 1 (2) plitude and phase respectively. Noting

I



that the photon density S(t) is propor- With weak feedback, I ,,- <1 rI,
tional to the square of the field amplitude, the reflection coefficients r2 and r.. may
S(t) and the field phase 4(t) are obtained: be considered to be real and positive. The

Id amplitude and phase of rjj may be writ-
-t = u(g - at)S + v,gn., (7) ten as

Io r," 1= r2 lS + ).a. co(Wr.2s)j (11)
dt ( o, = -C.t sin(wr.2 ) (12)

where np is the spontaneous emission fac- where the coupling coefficient to the ex-
tot which depends on the degree of ex- ternal cavity #,. is defined by
citation in the laser medium. The laser
linewidth enhancement factor a quanti- 'Cezt= r 1'). (13)
tatively measures the amount of phase- r2

amplitude coupling. This phenomenon The external feedback changes the las-
leads to many of the unique dispersive ing frequency as well as the threshold gain.
and dynamic properties of semiconductor The change in the optical field phase dur-
lasers. ing one round trip is

I Lasers with weak to moderate coher- AOL = -*AgLd+(2Ld/v)AW-4,, (14)
ent backscatter

Static Properties where Aw = w - 0 is the change in the las-
When coherent feedback is introduced ing frequency and Ag is the change in the

back into the laser diode, an external cay- threshold gain due to the external feed.

ity is created as illustrated in Figure 1. back,
The cavity considered for the laser diode Ag g - ga, (#ceztfLd)cOS(Wret),
may be extended to include the entire (15)
cavity by replacing the reflectivity at one Possible emission frequencies, where the
end r2 with an effective reflectivity rf f. phase condition is satisfied, are character-
The laser oscillation condition (equation ized by A L = 0. From equations (14)
2) then becomes and (15), the frequency shift created by

rxr,/J exp[(g - ai.)Ldl exp(jwr) = 1 (9) the feedback can be calculated

n If the external feedback in weak enough AW W -

that multiple round trip coupling may be = (.,W/Td)(+ a2)

neglected, i.e. r. r: << 1, then aztidty( 6

~.ii rz (1I t~12)gztexp~c~rz,)sin[w,,,, 8 + arctan(a)H (16)ref! = ,2 + (I- r2 I') r,.. exp(j ,.zt)
(10) The gain and frequency equations (15, 16)

where r.ft is the field reflectivity of the are the most important equations for de-
external reflector with coupling losses and termining the static properties of external
rs, = 2L.zt/c the optical round trip delay laser cavity semiconductor lasers. They
through the external cavity of length L,,j. both have a strong dependence on wr.,,
The term (1- I r2 12) accounts for the light the feedback phase, which indicates that
transmission throught the laser facet. both are sensitive to the cavity length L,..

I
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Dynamic properties are identical to those obtained using the
To determine the dynamic properties of effective reflectivity model (equations 15

laser diodes with an external cavity, the and 16). Since the system of equations
rate ewuation for the time-dependent elec- is highly nonlinear, the dynamical prop-
tric field is modified to include the time erties of the external cavity laser are best
delayed feedback evaluated numerically. The description of

dE modulation characteristics is much more
S= j(W- fl)E(t difficult than for the solitary laser since

the frequency or phase modulation of 4(t)
+ (27(g - ,,)(1 - a)E(t) directly affects the intensity modulation.

Therefore, any modulation of the injec-

+ xE(t - r,.t) exp(jwrzg) tion current yields a simultaneous modula-
(17) tion of the optical intensity and frequency

which are strongly inter-related.

with r = c,,t/rd = r.x,(1- I r2 I)/rdr2.
The rate equation for the carrier density Velocimetry by laser diode backcat-
N(t) remains unchanged: ter modulation

dN J N IV Theory
dt ed N ow suppose that the external reflector

Again, the field equation can be separated is moving at a velocity v, assumed non-

into the photon density and the optical relativistic, measured along the laser axis.

phase: The external cavity length is then given
by

s -+ L.,(t) = L.ez(0) + ,t (20)= t9 (g - a,7s(t) + t,gg-.

+ Vwhere v is positive when the reflector is

+ 2, ts(t)S(t- r.e)] receding from the laser. The frequencyI of the backscatter modulation is found by
cos(jWr=, + 64) (18) differentiating the phase equation (19) and

is given by
= (w - fl) + (g -at) I.2= (21)

dt 2
- where the subscript v indicates the func-

- FI/[S(t - r.24/S(t) tional dependence on the velocity and A

sin(wr.t + 6) (19) is the free-space wavelength of the exter-
nal cavity laser emission. For very weak

with 4 4(t) - 4(t - r.tT, feedback coupling coefficients, as applica-
In principle the modulation character- ble in realistic velocimetry, A is indistin-

istics of external-cavity lasers may be de- guishable from the free-space wavelength
scribed by studying equations 5, 18 and A0 of the free-running laser diode. There-
19. Steady state solutions of these rate fore, the velocity of the external reflec-
equations are determined by setting all tor can be determined by observing the
the derivatives equal to zero. The re- intensity noise spectrum of the laser, or
sultant expressions define the feedback- an equivalent quantity. The modulation
induced gain and frequency changes and depth in the laser power can be approxi-
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mated by The large peak on the left is the frequency
"I, = (l + a/P)xt (22) of the local oscillator and is considered to

be the reference (zero) frequency. The

where a is the constant of proportion- measured frequency shift is obtained by
ality between the laser power P and subtracting the frequency of the Doppler
the normalized excess drive current (I - peak observed from the analyzer's local
IIih)/Ijh above threshold. The phase- oscillator. Figure 4 shows a comparison
amplitude coupling in the semiconductor of the calculated and observed frequency
gain medium should generate significant shifts, as the angular velocity of the rotat-
modulation, which is the primary reason ing target was varied. The observed fre-
semiconductor lasers as very suited to ye- quency shifts are identical to the expected
locimetry applications, shifts.

Experimens The velocity component that modulates

The experimental arrangement used to the laser is dependent on the angle of the

perform velocimetry measurements at the target with the incident beam, as shown

University of New Mexico is illustrated in in equation 21. Maintaining a constant

Figure 2. A lens is placed after the laser rotation speed, the target angle was var-

diode (Hitachi HLP-1400) to collimate the ied and the results are displayed in Fig-

beam. The rotating target has a diffusely ure 5. At angles less than 100 (the target

reflecting surface (plain white paper) and surface nearly perpendicular to the inci-

is angled so that there is a velocity com- dent beam), the signal was no longer dis-

ponent parallel to the incident beam. The tinguishable from the system noise, due to

Doppler signal is observed by placing a cpon m ide the l ocity

30/70 beam splitter in the external cay- component modilating the laser.

ity and monitoring the beam fluctuations
with a photodiode connected to a 30-dB Future Work
RF amplifier and displayed on a RF spec- TwO other methods for detecting the
trum analyzer. The length of the cavity Doppler signal are being investigated:

was 25 cm, which produced coherent feed- placing the photodiode at the back facet

back. of the laser diode, if the packaging per-

The velocity component involved in the mits transmission in that direction, and

modulation is given by directly monitoring the variation of the
laser diode voltage. Each data extrac-

wr sin 0 (23) tion system will be evaluated to determine

where w is the angular velocity, r is the its limitations and sensitivity. Efforts will

distance of the beam-incidence point from also be directed toward exploring the in-

the axis of rotation, and 0 is the angle of corporation of ranging measurements into

the target rotation axis with respect to the the system and replacing the spectrum an-

beam axis. In this experimental configura- alyzer with less expensive and more com-

tion, the modulation velocity is varied by pact electronics.

changing the target's angular velocity or
the angle of tilt with respect to the beam. References
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I In this paper, we describe the design and operation of optical logic gates based on
heterojunction phototransistor (HPT) and vertical-cavity surface -emitting laser (VCSEL) structures.
We call the HPT/VCSEL structure a surface-emitting laser logic device. These structures will find
use in optical communication systems as well as in parallel optical computing architectures. We
illustrate complete sets of optical logic functions, upon which arithmetical logic units (ALU) are
based, and provide specific examples of binary arithmetic operations based on optical symbolic
sub-stitution.

Two-dimensional surface-normal optical switching architectures represent potentially very
compact, high throughput, parallel processors that are free from the effects of electromagnetic
interference. These systems require the development of high speed photonic switches that are
compatible with a surface-normal architecture, and which can provide high optical gain and
contrast, and operate with low optical input energies. Direct optical addressing is particularly
desirable since the electrical addressing of large matrices of active devices necessarily entails the
added complexity of matrix-scanning and time-multiplexing. The switching elements should not be
excessively sensitive to temperature variations, external optical feedback, or polarization diversity.
Optical switches based on the integration of a HPT or pnpn devices with a VCSEL meet many of
these requirements. Here, a single device provides electronic amplification, optical gain, switching,
control and logic with little or no electronic intermediary. It eliminates the need for an additional
external optical source or an optical bias beam. By varying the degree of positive opt;cal or electrical
feedback between the VCSEL and HPT, these structures can function alternatively as an optical
amplifier, an optical switch, or a bistable logic or memory device.

Photothyristor-controlled switching of electroluminescence has been demonstrated by NEC' and
Mitsubishi,2 using arrays of integrated AIGaAs/GaAs p-n-p-n HPT/LED structures called the
VSTEP (vertical to surface transmission electrophotonic array). which demonstrated optical
snitching of LED-like power levels at data rates in excess of 100 MB/s. Howe~er, LED-based
structures are inefficient de% ices with high drive current, low optical output, and little or no optical
gain. Moreover, the LED electroluminescence is not collimated but Lambertian, which gives rise to
serious optical crosstalk problems that become intractable for a densely-packed array in a free-space
optical system. A VCSEL, on the other hand, has very low beam divergence, much higher radiative
efficiency, and is capable of providing high optical gain and contrast3. VCSELs exhibiting low-
threshold current and high differential quantum efficiency have been demonstrated 4, using proton-
implant current isolation and planar vertical-injection device structures.

Complete optical logic functions such as inversion, AND, NAND, OR, NOR, and exclusive
XOR, etc., can be realized using simple combinations of phototransistors or photothyristors and
lasers. The principle of operation of the optical OR and AND gates are shown in Fig. I, while actual
demonstrations of these logic operations are shown in Fig. 2, which displays the input and output
optical pulse sequences. In the dark, the phototransistors are in the OFF-state, which exhibits a high
bias voltage and low collector current. When the optical input is sufficiently strong, and the HPT
gain is sufficiently high, the collector current exceeds the threshold of the VCSEL. The HPT goes
into a low bias voltage, high conductance ON-state and switches on the VCSEL. If multiple optical
inputs, each of sufficient intensity to switch on the VCSEL, are incident on the HPT, then an
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Parallel optical architecture for binary arithmetic using

3 integrated arrays of phototransistor-surface emitting
laser logic gates

m JULIAN CHENGt

We outline a simple, compact, parallel optical architecture for performing binary
addition using optical symbolic substitution and an integrated array of multi-function
optical logic gates based on heterojunction phototransistors (HPTs) and vertical-U cavity surface-emitting lasers (VCSELs). An adder design leveraging on opto-
electronic integration is presented, in which the component count, the optical
packaging, the number of optical alignments and free space propagation have all
been simplified or reduced to a minimum. Cascadable optical logic functions AND,
OR and XOR are demonstrated using HPTIVCSEL logic gates, as are latching logic
functions using pnpnIVCSEL structures.

1. Introduction devices necessarily entails the added complexity of
Two-dimensional surface-normal optical switching matrix-scanning and time-multiplexing, with the resul-
architectures represent potentially very compact, very tant loss of real-time parallelism. Moreover, the switch-
high information throughput, parallel processors that ing elements must not be excessively sensitive to tem-
are free from the effects of electromagnetic interfer- perature variations, external optical feedback, or
ence. By allowing direct parallel optical access via the polarization variations.
third dimension, large arrays can be addressed in real Optical switches based on the integration of hetero-
time, rather than time-multiplexed, thus relaxing the junction phototransistors (HPTs) or p-n-p-n devices
input-output bottleneck. These processor arrays may with a vertical cavity surface-emitting laser (VCSEL)
serve as the building blocks for a more general optical meet many of these requirements [1, 21. Here, a single
network, e.g. as parts of a parallel pipeline in which device provides electronic amplification as well as
successive processors are cascaded and optically inter- optical gain, switching, control and logic without an
connected. To provide for multiple fanout, optical gain electronic intermediary. Such devices eliminate the
at each stage is highly desirable. Each processor array need for an additional external optical source or an
thus consists of high speed, surface-normal photonic optical bias beam, as is necessary for devices based on
switches that operate with low input optical energies, spatial light modulators (SLMs). By varying the degree
and provide high optical gain and contrast. To be of positive optical or electrical feedback between the
practical, they should also be integrable, cascadable, VCSEL and HPT, these structures can function alter-
optically-addressable, and their outputs reconfigurable. natively as an optical amplifier, an optical switch, or a
Direct optical addressing is particularly important snce bistable logic or memory device 11-3i, which will find
the electrical addressing of large matrices of active use in optical communication systems as well as in

parallel optical computing architectures.
Phytothyristor-controlled switching of electro-

luminescence has been demonstrated at data rates in
excess of 100 MB s' using arrays of integrated

Received 29 April 1991. AIGaAs/GaAs p-n-p-n HPT/LED structures called

Author's address: University of New Mexico, Center for High the VSTEP 14, 51. These LED-based structures are
Technology Materials. Albuquerque, NM 87131, USA. inefficient devices with high drive current, low optical3 Work supported in part by AFOSR and DARPA. output, and little or no optical gain 161. Moreover, the
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optical OR gate is obtained. To operate as an AND-gate, the intensity of each optical input must be
such that they can collectively, but not individually, produce enough current gain to switch on the
VCSEL. The AND and OR gates are sufficient to carry out binary addition, but all the other logic
functions, including the exclusive OR (XOR), c.-n be implemented using only a single logic level
without cascading. Each logic gate contains a single phototransistor and a single VCSEL, except for
the exclusi'e-OR gate, which is based on a s)mmetrical differential drive configuration.

Boolean logic recognizes a combination of input bits and outputs one bit. Symbolic substitution. s

%hich is based on optical pattern transformations, recognizes not only a combination of bits tut also
their relative spatial configuration. Thus it recognizes an input s)mbol, i.e. an optical pattern cf bits,
and outputs another symbol, i.e. a new optical pattern of bits. Because of the added degree of
freedom represented by the configurational information, it is well suited for the high speed,
massively parallel processing of optical data. Not only are multiple patterns processed in parallel, the
logical functions can sometimes be repeatedly sequenced in parallel. We will illustrate this %%ith the
example of a two-dimensional binary half-adder, using a two-dimensional array of
phototransistor/VCSEL or photothyristor/VCSEL logic gates.
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Fig. !. Non-latching optical AND (a) and OR (b) logic gates based on a phototransistor and a
I vertical-cavity surface-emitting laser, and their operating principles.

3- Binary addition involves the SUM and CARRY operations and can be simulated using only
AND- and OR-gates (but this would require complementary optical inputs). It is simpler to
simulate these optically using the exclusive OR (XOR) logic function. The SUM is implemented
with an XOR-gate, and the CARRY with an AND-gate. Using symbolic substitution, the states 0
and I are represented by symbols, i.e. by a VCSEL in the ON-state or OFF-state. To implement
binary addition, the inputs consist of two N-bit words, i.e. two linear arrays of N symbols (optical
inputs A and B) arranged as parallel rows of optical bits (Fig. 3). The addition algorithm consists of
a set of rules, which prescribe the pattern shifts and transformations that similate the SUM (XOR)
and CARRY (AND) operations (see Fig. 4). The result of adding bits A and B is to produce new
symbols, in which the top half contains a left-shifted symbol representing the CARRY-bit, while
the bottom contains a right-shifted symbol representing the SUM-bit. The SUM bit is I only if A
or B is I (i.e. A XOR B), while the CARRY-bit is I only if A and B are both I (i.e. A AND B).

The optical "HALF-ADDER" hardware contains a two-dimensional array of optical switches
enabled by an array of input optical signals incident on columns of photodetectors, which in turn
are interleaved with columns of VCSELs that generate the optical output pattern. Each position in
the array consists of two optical-logic gates. AND and XOR, each of which contains one or more
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U HBTs and VCSELs. The schematic layout for each element (bit) in a row of this N-bit ADDER is
depicted in Fig. 3, which also illustrates the lateral spatial shift in the symbolic substitution scheme.
The switched VCSEL outputs are shifted diagonally as shown to simulate the symbolic substitution.

A A

a B

I A AND B A OR B

50 ps

Fig. 2. Optical input and output pulse sequences for an optical AND- and an OR-gate. The VCSEL3 used in this experiment has an oerall optical gain of > 20 and an on,'off contrast of 34 dB.
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Fig. 3. The binary half-adder based on optical symbolic substitution and its implementation using
HPT/VCSEL logic. The rows represent bits in a N-bit binary word. Each bit position contains an
AND gate and an XOR gate, with two diagonally-staggered optical output VCSELs (SUM and
CARRY).

We illustrate binary addition in Fig. 4. Each bit in the sum of A + B is replaced by the
corresponding left and right-shifted CARRY and SUM bits (VCSEL outputs), thus replacing the
original rows of A and B with new, spatially-shifted symbols representing rows of CARRY and
SUM b,. These are fed into the next logic array to undergo another symbolic substitution cycle,
thereby producing a new row of CARRY and SUM bits. These steps are repeated until there are no
I bits left in the CARRY row.

The N-step symbolic substitution procedure can be achieved by cascading N HPT/VCSEL logic
arrays, but it can also be done by cycling the output through the the logic array N times during a
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complete arithmetic operation. The cycling of the 2-D optical signals is achieved with the optical
scheme depicted in Fig. 4. However, this requires that the logic array be reset after each pass
through the half-adder, while preserving the previously generated optical outputs as the inputs for
the next pass. This sequence requires a latching pnpn/VCSEL array and an optical memory buffer
array (see Fig. 4). The latter consists of a simple array of latching identity switches, i.e.,
photodetector/laser switches, in which optical input logic level of I (light on) switches the
photodetectors and thus the VCSELs on. The outputs of the optical logic processor (SI) trigger the
memory buffer array (2), whose latched optical outputs *store* the switched optical data from the
previous pass. Switching the bias voltage on and off clocks the logic unit. and initiates new passes
through the processor, while S2 is then erased (reset) to store the next set of outputs from SI. A
maximum of N passes are needed to complete an N-bit binary addition. Thus, using a 128 x 128
array cycling at a 10 ns clock rate, 128 pairs of 64-bit words can be added in parallel in less than
640 ns. OPTCA I, 'Vrs a co

OPTICAL LOGIC
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310y A, C.! I 1 0 I A
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Fig. 4. The optica: ALU hardware for a multi-pass binary half-adder, which includes a logic array
and a memory array. Also shown are the rules for addition using symbolic substitution and an3 example of binary addition using the half-adder.

Here we have described binary addition using symbolic substitution and surface-emitting laser
logic devices. The half-adder described above is simple, compact, and has a relatively low
component count. Full adders, which would simultaneously take into account all CARRY
operations, would speed up the ALU process time by a factor of N, (a single pass or clock period is
required).3 UNM research is supported by AFOSR contract No. F49620-89-C-0028.
ti SNL research is supported by DOE contract No. DE-ACO4-76DP00789.
I. Y. Tashiro, K. Kasahara, H. Hamao, M. Sugimoto, T. Yanase, Jpn. J. Appl. Phys. 26, Li014
(1987).

-- 2. K. Hara, K. Mitsunaga, K. Kyuma, IEEE Photonic Technol. Letters 1, 370 (1989).
3. G. R. Olbright, K. Lear, J. L. Jewell and P. Esherick, Invention disclosure filed with Sandia
Corporation, SD-4896, S-71 73* (Jan. 1990).
4. Y. H. Lee, B. Tell, K. Brown-Goebeler, J. L. Jewell, R. E. Leibenguth, M. T. Asom, G. Livescu,
L. Luther, V. D. Materra, Electron. Lett. 26, 1309 (1990).
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Figure 1. (a) The operating principles of a thresholding optical switch based on the series combination of a heterojunction
phototransistor and a vertical-cavity surface-emitting laser. (b) and (c) show the schematic and experimental thresholding optical
transfer characteristics, respectively.

Lambertian angular distribution of the LED electro- bulk optical implementation, and maximize subsystem
luminescence gives rise to serious optical crosstalk that integration whenever feasible. The excessive depen-
becomes intractable for a densely-packed array in a dence on complicated optical packaging [101 and on
free-space optical system. A VCSEL, on the other critical optical alignment are anathema to the design of
hand, has very low beam divergence (gaussian far-field practical and reliable switching systems. Free-space
width of 80) 17], much higher radiative efficiency propagation should be reduced to a minimum to avoid
(>1.5 mW c.w. output) [8], and when integrated with a the problems with timing skew, beam divergence and
HPT is capable of providing high optical gain (>20) optical crosstalk. To achieve these goals, we discard the
and contrast (>34 dB) [2]. VCSELs exhibiting low- conventional approach of cascading sequential single-
threshold current and high differential quantum function logic arrays, taking advantage instead on the
efficiency have been fabricated [81, using proton- integrability of optoelectronics, i.e. by the horizontal
implant current isolation and planar, vertical-injection integration of multiple logic functions on a single chip.
device structures. Drastic reduction in hardware, along with the added

In this paper, we outline a new parallel optical benefits of simplified packaging and reduced optical
processing architecture based on the HBT/VCSEL alignment, can be achieved in repetitive operations by
optical switching technology. We will demonstrate the recycling the output data through a single processor.
operation of optical logic functions, upon which optical We will illustrate the embodiment of each of these
arithmetic logic units (ALUs) are based. Specifically, goals below by the design of a compact binary adder.
we discuss the horizontal integration of multiple logic
functions on a single chip to form a monolithic ALU,
and demonstrate the logic gate designs that facilitate 2. Optical logic and symbolic substitution
this integration. Based upon this, we will provide a The operating principles of a HPT/VCSEL optical logic
specific example of an optical computing architecture switch are illustrated in figure 1, which shows the
for performing binary arithmetic using optical symbolic electrical characteristics of the two-terminal HPT and
substitution [9]. the VCSEL (figure 1 (a)). These devices are electrically

Our objectives for the optical system design are to connected in series, with the VCSEL serving as the
achieve compactness, minimize the optical and opto- load for the HPT. An optical input impinging on the
electronic component count, reduce the complexity of HPT generates an optically-injected base current,

I
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which is amplified by a high-gain HPT to provide a electrical feedback, it is possible to achieve latchable
current source for the VCSEL. When the collector optical switching. This can be done, for example, by
current exceeds the threshold of the VCSEL, the laser replacing the HPT with a pnpn photothyristor structure
is switched on. The optical switching threshold is thus 131, which has built-in latching characteristics. The
set by the current threshold of the laser, which deter- design and switching characteristics of a latchable
mines the threshold-switching behaviour in the optical pnpn/VCSEL switch are described in detail in [3].
transfer characteristic (figure 1 b)). The design of the Figure 3 (a) and (b) illustrate its switching and optical
logic gates is described in [21 and the experimental transfer characteristics, respectively, which show that
results are shown in figure 1 (c).The achievable optical an optical pulse of sufficient intensity can switch the
contrast, i.e. the difference between the spontaneous photothyristor from its resistive-state into its conduct-
emission level below threshold and the high optical ing state, which then supplies enough current to drive

I output at saturation, is quite high (34 dB). The overall the VCSEL above its lasing threshold. The VCSEL
gain achieved in the linear amplification region, i.e. remains turned-on after the optical switching pulse has
between threshold and saturation, is greater than 20 subsided, provided that a holding voltage remains to
(the maximum differential gain is 200), which allows a bias the VCSEL above its lasing threshold. Latching
significant optical fan-out capability, logic gates similar in design to the non-latching

Complete optical logic functions such as inversion, HPT/VCSEL gates have been made, two of which

AND, NAND, OR, NOR, and exclusive-OR (XOR), (AND or OR) are shown in figure 3 (c) and (d). As we
etc. can be realized using simple combinations of HPTs will shown below, the complement of latching and non-
or photothyristors and lasers [21. The designs of the latching optical logic gates greatly simplify the design of
AND, OR, and XOR logic gates, as well as the actual an optical binary adder.
experimental demonstrations of their operation, are
shown in figure 2, (figure 2 displays the input and
output optical pulse sequences). In the dark, the photo-

transistors are in the OFF-state, which exhibits a high Vo A
collector-emitter voltage and low collector current.
When the optical input is sufficiently strong, the HPT A
exhibits a low collector-emitter voltage and a high

I collector current that exceeds the threshold of the
VCSEL. If multiple optical inputs, each sufficiently (a) A+B AOR

intense to switch on the VCSEL, are incident on the
HPT, then an optical OR-gate is obtained. To operate
as an AND-gate, the intensity of each optical input +V0 A
must be such that they can collectively, but not indi- A
vidually, produce enough current gain to swtich on the
VCSEL. Each logic gate, except for the XOR, contains
a single phototransistor and a single VCSEL, and all A.9
the gates can be implemented as a single stage of (b) AAND

optical logic without cascading.
The XOR gate, which produces an optical output AVo

(logic state 1) when an optical input is incident on only A B

one of the two HPTs, requrec a by.-imetrical configu- A

ration, which is shown in figure 2(c). The differential
format allows the voltage at the point connecting the
two HPTs, and thus the bias voltage across the two * A XoR I

VCSELs, to go to nearly zero when both HPTs are in
the ON-state (1,1) or the OFF-state (0,0), thus produc- (c) -v so
ing no optical output (logic 0). When only one HPT is Figure 2. The structure and experimental demonstration f
optically switched on, i.e. in the (1,0) or (0,1) state, this optical-logic gates (a) AND, (b) OR, and (c) XOR, based on
voltage is shifted sufficiently in either the positive or HPT/VCSEL optical switches. The photographs illustrate the
negative direction to bias one of the two VCSELs Input and output optical pulses. Note that the baseline corre-

above threshold, while reverse-biasing the other. sponds to the iogic-0 state, while the IS pas wide pulses (which

The HPT/VCSEL logic gates are non-latching in the appear Inverted in some of the traces) correspond to the logic-I

absence of positive feedback. By providing optical or state.
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and alignment, which can present formidable practical
problems. These complications can be avoided by the

. 1monolithic integration of the AND and XOR logic
£functions on a single optoelectronic chip.

Traditional Boolean logic, such as AND and NOR,
recognizes a combination of input bits and outputs one

bit. Symbolic substitution recognizes not only a combi-
0 nation of bits but also their relative spatial configu-

0 ,0 20 30 ration, and transforms the latter into a new pattern of(a) (b) bits. These spatial optical pattern transformationsprovide a flexible architecture for the shifting of digital
data that is central to binary arithmetic. The opticalI *output of each stage must convey not only the logic
information, but the two-dimensional configurationalIinformation as well, which has been transformed by the
rules of optical symbolic substitution into a format
suitable for direct input (cascade) into the next logic
array. Properly designed, these spatial transformations

(c) (d) allow binary addition to take place by recycling the
Figure 3. (a) Optical transfer characteristic of a latching output optical data through a single logic array N times,
pnpm/VCSEL optical switch [31, showing threshold switching resulting in a highly compact optical system with very

and latching. A constant optical output intensity is maintained significant reduction in hardware. We will illustrate this
without any holding power. (b) An input optical pulse switches later with the example of a two-dimensional binary
on the VCSEL, which Is latched until the bias voltage is half-adder, using a two-dimensional array of
reduced below a holding voltage. Optical AND gate (c) and HFT/VCSEL optical logic gates as described above [2).
NOR gate (d) operation are shown, with latching output hesymbolic susiut s tes and
characteristics. In the symbolic substitution scheme, the states 0 and

I are represented by optical symbols, i.e. by a VCSEL
operating above threshold (ON-state) and below thres-

Optical logic operations can only be practical if there hold (OFF-state), respectively. The inputs consist of

is a sufficient input signal dynamic range, so that two N-bit words, i.e. two linear arrays of N symbols

moderate variations in input intensity can be tolerated. (optical inputs A and B) arranged as parallel rows of
In general, the input optical signals can be pre- optical bits. The addition algorithm consists of a set of

processed (digitized) by an array of simple optical rules (figure 4(a)), which prescribe the pattern shifts
switches, whose switching thresholds can provide bin- and transformations that implement the SUM (XOR)
ary input signal discrimination while regenerating and CARRY (AND) operations. The result of adding

more-or-less uniform optical signal outputs. Still, there bits of A and B is to produce new symbols, in which the

remains a problem for those logic gates with additive top half contains a left-shifted symbol representing the
inputs, such as AND and NAND, which is not applic- CARRY-bit, while the bottom contains a right-shifted
able to those with non-additive inputs, such as OR, symbol representing the SUM-bit. The SUM bit is I

NOR, XOR, or INVERT. The optical switching thres- only if A or B is 1 (i.e. A XOR B), while the

hold must be readjusted for these gates, which can be CARRY-bit is I only if both A and B are C (i.e. A

achieved by tuning the bias voltage to accommodate AND B). The shifting of both the SUM and CARRY

the desired range of input intensities. The abru bits is necessary because of the logic circuit design
optical transitions of latching optical switches at thres- (figure 5), which requires the HPTs and VSELs to beoptial tansiionses- laterally displaced on the logic chip.
hold also improve the input dynamic range. ltrlydslcdo h oi hp
hodThe optical 'ADDER' hardware contains a two-

dimensional, integrated array of HPT/VCSEL optical
3. Optical binary adder using symbolic substitution switches (figure 5) enabled by two rows of input optical
In binary addition, the SUM and CARRY operations signals that are incident on columns of photodetectors
can be implemented using only the AND-gate and (HPTs). The columns of HPTs are interleaved with
OR-gate, although this would necessitate the use of columns of VCSELs that generate the optical outputs.
complementary optical inputs as well as cascaded multi- Each position in the array consists of two of the optical-
stage single-function logic chips. The use of cascaded logic gates, AND and XOR, each of which contains
multi-stage logic implies increased optical hardware two HPTs and one or more VCSELs (see figure 2). The

I
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Figure 4. (a) The rules of optical symbolic substitution for binary addition, illustrating the lateral spatial shifting of the CARRY
and SUM bits, (b) example of the binary addition of two 4-bit words using a half-adder and symbolic substitution, which requires 4
cycles, and (c) schematic illustration of the bit configurations and their spatial transformations in the logic and memory arrays that
enable the outputs to be optically folded (cascaded). The arrows describe the spatial shifts within the logic and memory arrays. The
solid lines indicate the optical propagation paths of the CARRY and SUM bits between these two arrays.

schematic layout for each element (bit) in a row of this addition of the ith bits of inputs A and B produce the
N-bit ADDER is depicted in figure 5, which also ith output CARRY-bit, which is left-shifted to lie
illustrates the lateral spatial shifts of the CARRY bit above the (i + 1)th SUM-bit, while the ith SUM-bit is

m with respect to the SUM bit by one significant digit in right-shifted to lie beneath the (i - l)th CARRY-bit
the symbolic substitution scheme. The N-bit optical (figure 4 (c) and figure 5). This ends one pass through
inputs impinge on the HPTs on two adjacent rows of the logic array. In principle, the two new rows of
the array, whose elements are vertically aligned. The optical CARRY and SUM bits (VCSEL outputs) are
corresponding logically-switched laser outputs are then transmitted (cascaded) to another identical, space-
shifted diagonally as shown to implement the symbolic invariant logic array to undergo the next symbolic
substitution. substitution cycle, thereby producing new rows of

The binary addition of two 4-bit words using symbo- CARRY and SUM bits. These steps are repeated N
lic substitution is illustrated in figure 4 (b). Each bit in times until all the CARRY bits have been shifted from
the sum of A and B is replaced by slightly left-shifted the least signihcant bit to the most significant bit, at
and right-shifted CARRY and SUM bits (VCSEL out- which point the addition is complete. The sequential
puts). Thus after the first pass, the original inputs (A operation of the half-addition cycles is regulated by
and B) are replaced by new, spatially-shifted symbols clock pulses, which enable successive logic arrays in the
representing rows of CARRY and SUM bits. The cascade after suitable turn-on delays that take intoI

I
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account the various electronic turn-on and optical pro- consists of two simple arrays of latching switches (i.e.
pagation delays, which could be less than a clock latching photothyristor/VCSEL switches or latching
period. HPT/VCSEL switches), in which an optical input logic

level of I switches the HPT and thus the VCSEL to the
ON-state. Two memory buffers are needed, one to
provide optical inputs for the new passage through the

4. Optically-folded Implementation of the binary adder, while the other is reset to accept the new optical
adder output data. Different clock pulses alternately enable
Since the cascaded logic arrays are identical, great the memory buffers to accept and store data, or to reset
simplification can be achieved if the two-dimensional them in preparation for new data. Alternatively, a
output optical signals are recirculated as inputs for the latching photothyristor/VCSEL array can replace the
same logic array. This can be achieved with the simple HPT/VCSEL array, and only one memory buffer

optical scheme depicted in figure 6, which uses two 900 would be required. In this case, the outputs of the
prism reflectors, plus two beamsplitters for optical optical logic processor triggers the buffer memory
input and output. It is necessary to resect the logic array, whose latched optical outputs 'store' the
array after each pass through the half adder, while switched optical data from the previous pass. Switching
preserving the previously generated optical outputs as the bias voltage on and off clocks the logic unit, and
the inputs for the next pass. The array is reset by initiates new passes through the processor, while the
toggling the bias voltage on and off during each clock buffer is then erased (reset) to store the next set of
period. To preserve the previous data while providing outputs from the logic unit. The HPT/VCSEL devices
enough of a propagation delay to accommodate the can be operated in this latching configuration by allow-
finite (reset) rise and fall times of the switches, an ing optical feedback between the VCSEL and HPT
optical buffer memory array is required. The latter [101.
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FigureS. Schematic layout of a HPT/VCSEL logic array designed for binary addition using the symbolic substitution
architecture. Each bit (column) consists of a single AND-gate (CARRY) and a single XOR-gate (SUM). The positions of the HPTs3 and VCSELs illustrate the implementation of the input-to-outpul configuration transformations.
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Figure 6, A three-dimensional view of the recirculating binary half-adder showing the optical pattern transformations that allw
the previous optical output data to be folded back (recirculated) as the inputs of a single logic array. Optical memory buffers are
used to store the previous data. Clock pulses regulate the generation, transfer, and storage of data during successive cycles.

IFigure 6 illustrates the manner in which optical memory chip, as shown in figure 7. Each of these chips

symbolic substitution reconfigures the logic outputs to is mounted on a heat sink, and all the optical inputs and
ipermit the SUM and CARRY (VCSEL) outputs to outputs are located at the front (epi) surface. The chips

optically fold back and impinge upon the proper col- are placed on two opposing facets of a bearnsplitter
umns of HPTs in the logic array. This is shown more cube. A two-dimensional array of encoded, polarized
succinctly in the alignment diagram in figure 4 (c), optical input beams are incident on the cube from anIwhich illustrates the bit alignments and the spatial orthogonal direction, and are deflected towards the
reconfigurations that take place within the logic and logic chip, where they impinge upon columns of HPTs
memory arrays. The arrows indicate the spatial displa- to provide optical inputs for the first pass of the binary

----" cements of the optical outputs (VCSELs) relative to the addition process. This chip executes the optical logic
optical inputs (HPTs) within the logic array, while the functions and the symbolic substitution shifts. The

-- lines indicate the propagation paths of light between optical outputs provided by the VCSELs then propa-
the logic processor and memory units. Ile shifts in the gate across the cube towards the appropriate HITmeoyira compensate the shifts in the logic ary inputs on the meoyciwhich containsanrayo
to enable the optical folding. latching, VCSEL-based optical switches. Ile latched

optical switches preserve the output data as inputs for
" the next cycle, while the logic chip is reset (power

S.Acmatotclyinertdbnr de disabled) for the next pass, thus competing the first
$. Acomactoptiall-inegrted inay adercycle in the binary addition process.

-- This optical-folding scheme can be further integrated When the logic chip is empowered once again, the
and simplified into a highly compact form, using a outputs of the VCSELs on the memory chip initiate the
single beamnsplitter, an optical logic chip and an optical next round of logic/shift operations. However, the
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memory chip must now undergo a similar reset oper- alignment. Architectural simplicity has been achieved
ation (power disabled) in preparation for the reception at the expense of chip complexity, which is a much
of new output data from the logic array. This can only more tractable problem.
occur if the logic array itself is latching, or at least that
it possesses sufficient persistence to preserve the newly-
switched optical outputs while the memory array is 6. Summary
reset. The latching, or persistence, can be achieved by In conclusion, we have described the parallel execution
the use of p-n-p-n photothyristor logic gates 110]. of binary arithmetic in real-time using HPT/VCSEL
Thus successive stages of the N-bit binary addition are optical-logic gates and an architecture based on optical
regulated by clock signals that alternately disable and symbolic substitution. The implementation of this tech-
then re-enable the power to each chip, with a suitably- nology has been illustrated by the example of a highly-
chosen temporal delay that permits each chip to be compact binary half-adder. Experimental demon-
reset after each stage while preserving the output data stration of the latching and non-latching optical logic
from the previous cycle. The optical data 'toggles' back functions have been achieved, and thus all the basic
and forth between the two chips in response to these building blocks of this parallel optical architecture have
clock pulses. The polarizing beamsplitter cube splits off been realized. Monolithic integration of these logic
a part of the optical output beam power, which emerges gate arrays and the proposed binary adder is in
from the facet opposite to the input port. This provides progress.
real-time optical signals that represent the output data In the compact binary adder design, optoelectronic
during each stage of the N-pass binary addition process. component count (2 chips with microlens arrays),

The propagation distance of the optical signals is optical component count (1 beamsplitter), optical
limited to the width of the beamsplitter cube, and is not alignment (a single alignment of the two chips), and
cumulative since the signals are regenerated during free space propagation (one pass) have all been
each pass. For high density arrays, a microlens array reduced to a minimum. More importantly, the real-
may be needed to avoid optical crosstalk due to a small time parallelism and compactness of optics have been
but finite beam divergence. The advantages of this exploited to good advantage. In this simplified architec-
scheme are the high degree of compactness, the drastic ture, we have utilized optics only at its strengths (paral-
reduction of both optical and electronic hardware, and lelism and compactness), while leveraging the rest on
the minimization of free-space propagation and optical optoelectronic integration with almost no electronic

2-DIMENSIONALI

HEAT SINK HEAT SINK

scheme for the parallel binary addi-
tion of multiple N-bit words, show-
ing the input and output coupling of

two-dimensional signal arrays using
a polarizing beamsplitter, with two
heat-sunk, latching logic and

2-DIMENSIONAL memory chips that toggle optical
OPTICAL OUTPUTS CLOCK I data back and forth across the cube

F--J J'- - during successive binary half.
CLOCK 2 CLOCK I addition cycles. Clock pulses regu-

late the generation, transfer, and
VCSEL HPT storage of data during successive

CLOCK 2 cycles.

I
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Iintermediary. With a spatial period of 100 tm, a single [31 Zhou, P., Cheng, J., Schaus, C. F., Sun. S. Z., Hains, C.,
128 x 128 logic array (0-5" x 0-5") cycling at a 5 ns clock Zheng. K., Myers, D. R., and Vawter, G. A., IEEE Photonics

raecan add 128 pairs of 64-bit words in parallel within Technol. Lea, 3(1 1) (to appear).
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ing time requirement of the buffer memory arrays. [81 Lee, Y. H., Tell, B., Brow-Goebeier, K., Jewell, J. L.,
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Binary arithmetic using optical symbolic tua, oR, No, and exclusive-oa (xo), can be realized by
substitution and Integrated phototransistor using simple combinations of IIPT's or photothyristors and
su f .tmotting lasers. The designloi the o .adxon logic gates, as

well a. the actual experimental demonstrations of their
R. Olbrlght and R. P. Brya operations, ae shown in Fig. 1. In the dark, the HPT re 9

in the off state, which exlubfts a high collector-emitter
heng is with the Center for High Technology, Univer. voltage and low collector current. When the optical input is

sity of New Mexico, Albuquerque, New Mexico 87131. sufficiently strong, the HPT exhibits a low collertor-
G. It. Olbright and R. P. Bryan are with the Sandia emitter voltage and a high collector current that exceeds
National Laboratories, Albuquerque, New Mexico 87185. the threshold ofthe VCSEL. Ifmultiple optical inputs, each
Received 14 January 1991. sufficiently intense to switch on the VCSEL, are incident
0003-6935/91t250001-03$05.00/0. upon the HPT, then an optical OR gate is obtained. ForAmD
e 1991 Optical Society of America. gate operation, the intensity of each optical input must be
We outline an architecture for performing binary add/- such that the inputs can collectively, but not individually,

Wr e oing b i c produce enough current gain to switch on the VCSEL. Eachtion by using optical symbolic substitution and optcloi logic gate, except the xoP., contains a single HPT and a
gates based on heterojurntionphototransistors and vertical' single VCSEL, and all the gates can be implemented as a
cavity surface-emitting loers, single stage of optical logic without cascading.

Two-dimensional optical switching architectures repre- Binary addition can be implemented by using only the

sent potentially compact, high-information-throughput, par. AND and OR gates, although this would necessitate the use of
allel processors that will be found useful in optical coimu- complementary optical inputs and cascaded multistage

I tt' pnication and optical computing systems. These systems single-function logic chips, with the attendant problems of
require the development of high-speed photonic switches increased optical hardware and alignment These complica-
thature coptible wiopenth oa surae- oal itcre, tions are avoided by the monolithic integration of AND and
that are compatible with a surface-normal architecture, XOR logic functions on a single wafer. The XOR gate (Fig. 1),

n0.0ide high optical gain and contrast, anddre is which produces an optical output (logic sta 1) when an
1lo rlyput optical energies. Direct optical addressing of optical input is incident upon only one of the two HPT's,
parcularly important because the electrical addressing ofshown in
large matrices of active devices entails the added complexity Fig. 1(c). The differential format allows the voltage at the
of matrix scanning and time multiplexing. Moreover, the point connecting the two HPT's, and thus the bias voltage
switcing elements must not be excessively sensitive to across the two VCSEL's, to go to nearly zero when both
external optical feedback or to temperature and polariza- HPT's are in the ON-state (1, 1) or the off state (0, 0), thus
tion variations. Optical switches based on the integration of producing no optical output (logic 0). When only one HPT is
heterojunction phototransistors (HPT's) or p-n-p-n devices optically switched on, that is, in the (1, 0) or the (0, 1) state,
with a vertical-cavity surface-emitting laser (VCSEL) meet this voltage is shifted sufficiently in either the positive or
many of these requirements.' Here, a single device provides the negative direction to bias one of the two VCSEL's above
electronic amplification as well as optical gain, switching, threshold, while reverse biasing the other.
control, and logic without an electronic intermediary. Such Traditional doolean logic recognizes a combination of
devices eliminate the need for an additional external optical input bits and outputs one bit. Symbolic substitution
source or an optical bias beam, as is necessary for light. recognizes not only a combination of bits but also their
modulator-based devices. In this paper we describe the relative spatial configuration and transforms the latter into
design and demonstration of HPT/VCSEL optical logic a new pattern ofoutput bits. These spatial transformations
gates and outline the horizontal integration of multiple provide a flexible architecture for the shifting of digital
logic functions on a single chip to form a monolithic data, which is central to binary arithmetic. The opticsi~r
arithmetic logic unit. Based on this, we provide a specific outputs of each stage convey logic as well as configurational
example of an optical computing architecture for perform- information, which has been transformed by the rules of
ing binary arithmetic by using optical symbolic substitu- optical symbolic substitution into a format suitable for
tion.' direct input into the next logic array. Properly designed

Photothyristor-controlled switching of electrolumines, these spatial transformations enable binary addition to
cence has been demonstrated at data rates in excess of 100 occur by recycling the output optical data through a single
MB/s by using arrays of integrated AIGaAu/GaAs p-n-p-n logic array N times, resulting in a highly compact optical
HPT/light-emitting diode (LED) structures called the system with significant reduction in hardware. We illus-
VuE.U These LED-based structures are inefficient de- trate this with the example of a binary half-adder, using a
vices with high drive current, low optical output, and little two-dimensional array of HPT/VCSEL optical logic gates as
or no optical gain.$ Moreover, the LED electroluminescence described above.'
is not collimated but is Lambertian, which gives rise to The logic states 0 and I are represented by a VCSEL
serious optical cross talk that becomes intractable for a operating above threshold (on-state) and below threseLld
densely packed array in a free-spac optical system. A (off-state), respectively. The inputs are two N-bit words (A
VCSEL on the other hand has low beam divergence [Gaus- and B) arranged as parallel rows of optical bits that impinge
sian far-field width of 8, (Ref. 6)] and a much higher upon the HPT's at two adjacent rows of the array, whose
radiative efficiency (>1.5 mW cw output),' and, when elements are vertically aligned in a column. These are in
integrated with a HPT, is capable of providing high optical turn interleaved with columns of VCSEL's that generate ,-

gain (>20) and contrast (>34 dB). VCSEL's exhibiting the optical outputs (Fig. 2). Each position in the array(,J
low-threshold current and high-differential quantum effi- consists of two optical logic gates, AND and xOR, each of
ciency have been fabricated' by using proton-implant cur- which contains two HPT's and one or more VCSEL's (see
rent isolation and planar, vertical-injection device struc- Fig. 1). The addition algorithm consists of a set of rules
tures. [Fig. 3(A)], which prescribe the pattern shift that imple-

Complete optical logic functions, such as inversion, AND, ment the SUM (XOR) and CARRY (AND) operations. The result
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HPTNCSEL optical switches. The photographs illustrate the
input and output optical pulses.

of adding each bit of A and B is to produce new symbols, in j 0 UGHT OFT

which the top half contains a left-shifted symbol represent.
ing the CARRY bit, whereas the bottom contains a right. U 1 U.H ON

shifted symbol representing SUM bit. The addutin of the ith
bits of inputs A and B produces the ith output CARRY bit,
which is left-shifted to ie above the (i + 1)th sum bit, A,., A, Al., (C)
whereas the ith sum bit is right shifted to lie beneath the
(i - 1)th cARRY bit [Figs. 2-3(C)]. The sUM bit is 1 only if A LOGIC ARRAY

or B is 1 (i.e., A xOR B), whereas the CARRY bit is 1 only if
both A and B are 1 (i.e., A AND B). The shifting ofeach ofthe m-I
Sum and CARRY bits by one significant digit is an essential -
part of the binary addition process. -l vcs1z

The binary addition of two 4-bit words with symbolic I ~MR RA

substitution is illustrated in Fig. 3(B). Each bit in the sum
oa A and B is replaced by slightly left- and right-shifted MEMORY ARRAY

I VOLTAGE BUS +V

CARWIRC, INPUT A CARRY

L Fig. 3. (A) The rules of optical symbolic substitution, (B) binary
. addition of two 4-bit words using a half-adder, and (C) spatial

o' transformations of the bit configurations in the logic and memory

A -D XO- arrays that enable the outputs to be folded optically.

FI --- 1,  CARRY and SUM bits (VCSEL outputs). After each pass, the
original inputs (A and B) are replaced by spatially shifted

,I symbols representing new rows of CARRY and sum bits,
Iwhich are transmitted to the next (identical) logic array w

inputs for the next pass. These steps are repeated N times
until all the CARRY bits have been shifted to the most

sum S1, sum S, significant bit, at which point the addition is complete. The
sequential operation of the half-addition cycles is regulated

by clock pulses, which permit successive logic arrays in the

VOLTAGE BUS -v cascade after suitable turn-on delays that take into account
the various electronic turn-on and optical propagation

Fig. 2. Layout ofa PTNCSEL logic array for binary addition by delays, which could be less than a clock period.
using symbolic substitution, illustrating the input.to-output config. Because the cascaded logic arrays are identical, great

uration transformations. simplification can be achieved if the 2-dimensional output
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to permit the sum and c~yY (VCSEL) outputs to fold back much more compact scheme requiring only a singe polari.
I optically and impinge upon the proper columns of H'PT's in ing beamn splitter to be used, in which the optical data

a single logic array. Figure 3(C) shows more succinctly the toggles bck and forth between the two chips in response to
bit alignments and spatial reconfigurtions that take place properly timed clock pulses.
within the logic and memory arrays. The arrows indicate In conclusion, we have descibed binary arithmetic using

Ithe spatial displacements of the optical outputs (VCSEL's) HPTIVCSEL optical logic gates and an architecture based
relative to the optical inputs (HPT's) within the logic array, on optical symbolic substitution. The implementation of
whereas the lines indicate the propagation paths of light this technology has been illustrated by the example of a
between the logic processor and memory units. The shifts highly compact binary half-adder.
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Coupled broad-area mode theory of gain-guided laser arrays
Chung-Pin Chernga) and Marek Osifiskia)b)
Center for High Technology Materiak University of New Mexico. Albuquerque, New Mexico 87131-608)

(Received 22 October 1990; accepted for publication I I July 1991)

Multiple-stripe semiconductor laser arrays are analyzed using a broad-area mode coupling
approach. Rather than considering coupling between individual waveguide modes as
in the conventional supermode theory, a basis of broad-area modes is chosen. These modes
are coupled through a perturbation of refractive index and gain profiles caused by
nonuniform carrier injection, thermal effects, and/or built-in weakly guiding or antiguiding
profiles. Present theory reveals that earlier simplified analysis involving broad-area
mode-coupling may lead to significant errors in modal gains of high-order array modes.I

High-power gain-guided diode laser arrays are very to their orthogonality. As a consequence of the large num-
promising for applications in which optical power is of ber of broad-area modes, the array also supports modes of
major concern, such as solid-state laser pumps. cw output the order v higher than the number of individual emitters
power as high as 8 W has been reported.' These devices N. These high-order modes agree well with those found

usually operate multimode, with a rather low degree of from both self-consistent numerical modeling12 and exper-
coherence. Many applications, for example free-space sat- imental observations, 3

.
4 but their modal gains differ signif-

ellite and fiber communications, require a highly coherent icantly from the results obtained using the simplified per-
light source, preferably emitting in a single lobe. It is there- turbation theory.4

fore very important to reach a good understanding of lat. The theoretical formulation begins by deriving the cou-
eral mode properties in gain-guided arrays. pled-mode equations using broad-area modes as expansion

Measurements of the near- and far-field patterns of basis. Perturbation of complex permittivity is defined by
gain-guided laser arrays using spectrally resolved
techniques, 2 4 injection seeding,5 and external cavity AE(per)(x) =E(aXY)(X)-E(EA)(x), (I)
coupling,6'7 all revealed significant contribution from high- e( A )(x)

order modes (v> N, where N is the number of array ele- where aser is the unperturbed permittivity profile ofI ments)which could not be related to any supermode the broad-area laser and E(amaY)(X) is the permittivity pro-
ments) wi c od to ani te h ermode file of the array, taking account of nonuniform carrier in-
results.A' 0 In order to obtain those high-order mode solu- jcin hra fetado n ul-nwvgie
tions, it was necessary to resort to complicated numerical jection, thermal effects, and/or any built-in waveguide!
models," 1" 2 with which it was difficult to gain insight into antiguide profile. Following the general framework of

the origin of those modes. Recently, an analytical treat- coupled-mode theory,' 0 we obtain the coupled-mode equa-

ment using a perturbation theory and involving broad-area tions for multiple-stripe laser arrays:

modes has been proposed.4 The problem was, however, V daq(z) 
oversimplified and rather unrealistic assumptions were _ =_ _i ( p + K..)aq(Z), (2)
made. Specifically, the active region was assumed to be q=1 dz =

laterally bound by infinitely lossy layers, and any differ- where a is
ences between the gains of unperturbed broad-area modes prpaq in the expansion coefficient for qth array mode
were neglected, since they were presumed to have a negli- broad-area modes included in the calculations, and 6pbe is
gible effect on calculated modal gains of the array modes. theoad-argatiodesonntantedfinrohe-arlcumations, andis ths

In this letter, we show that approximations invoked in the propagation constant of broad-area mode p. K is theRef 4 ay eadto significant errors. We adopt an analyt- coupling coefficient between any two broad-area modes p
Ref. 4 may lead tsinfcnerosWeaptn al and q and is defined byical coupled-mode approach involving, as previously,
broad-area modes coupled by perturbations of gain and
refractive index along the lateral direction. Compared to Kpq = J A4E(per)E,,.E,,dxdy
the supermode theory valid for index-guided arrays,8- 0 the

formulation is greatly simplified by the fact that the field ff- ( Ay )BA)
overlap integral of any two broad-area modes vanishes due - J J (tAI+ eC,) E.,F.dxdy, (3)

"Also with the Department of Electrical and Computer Engineering, with c the lasing angular frequency, and E,, E the trans-
University of New Mexico.

"lAIso with the Department of Physics and Astronomy, University of verse and longitudinal components of modep, respectively.

New Mexico. Equation (2) can also be written in a matrix form
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Perturbation complex permittivity 4, 26.795 48
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8 A . FIG. 2. Calculated propagation constants (triangles) and array modal

v v v v v v v v v v gains for the first 20 army modes of a ten-stripe gain-guided array. Full
-s/2 0 e/2 squares represent modal gain results of the present theory, while open

(b) circles correspond to approximate analysis in which all broad-area modesn have equal gains and the lateral cladding loss is infinite.

FIG. 1. Periodic perturbation profiles due to injected carriers in a uniform

ten-stripe gain-guided array. (a) Periodic gain (imaginary pan of that these high-order modes usually dominate in gain-
Ae()) and (b) periodic index antiguiding (real part of AE(Pm)). guided arrays, hence precise knowledge of their modal

gains is very important in considerations of mode ordering
and mode suppression schemes.

dA The large modal gain difference between array modes 9
- i(B + K)A, (4) and 10 also reflects on the corresponding propagation con-

where B is a diagonal MXM matrix of propagation con- stants. An abrupt shift of the propagation constant be-

stants and the elements of A and K are denoted asarray modes agrees well with a
P s t self-consistent numerical model.' 2 This shift becomesthe eigenvalues in ee the r re ode she complex larger when index-antiguiding is stronger, and vanishesproagathe in contan the r aymoere . iswhen the index-antiguiding reduces to zero.
Figureio ilnstrat es theatiay the i n Figure 3 shows the calculated near- and far-field inten-Figurepatterns for the low-gain eigenode v 9 and the

and real (index-antiguiding) parts of the perturbed permit- s
tivity AE(t r ) . The profiles shown represent periodic pertur-
bations due to nonuniform carrier injection in a uniform
gain-guided laser array with no built-in lateral waveguid- yvg

ing mechanism.
Consider a typical ten-stripe GaAs/AIGaAs gain-

guided laser arra- with 6-pm-wide stripes situated on 10 '
,um centers. The analysis starts by finding guided broad- c
area modes for a 100-pm-wide rectangular waveguide with -

gain of 140 cm - I and loss of 150 cm - 1 inside and outside
the active region, respectively. The carrier-induced anti-
guiding is included via the antiguiding factor of 2. The
transverse confinement factor of 0.3 is assumed. The cou- 10I pling coefficients are calculated according to Eq. (3), tak-
ing the modal gain modulation amplitude of 10 cm -'. The .-

eigenvalues ,, and the corresponding eigenvectors are then
obtained from Eq. (4). _I

Figure 2 shows a comparison of the present theory
with earlier simplified perturbation analysis 4 correspond- J
ing to a limit of very high loss and constant broad-area
modal gain. While the real part of the propagation con- -a -30 0 30 0 -a -4 0 4

stant c', is not affected by these approximations, the previ- Distance (um) Angle (dog)

ous treatment is unreliable in predicting the modal gains of FIG. 3. Near- and far-field intensity patterns of the array modes v = 9
high-order array modes v> 10. It should be emphasized and v= 10.
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- i -from the broad-area mode coupling, the near- and far-field
intensity patterns for v = 11 and v= 13 array modes are
shown in Fig. 4. As reported earlier,4 the high-order modes
are characterized by far-field intensity patterns having two

I "major lobes as a slightly increasing angle compared to theJW v = 10 array mode. Array modes of the order as high as 20
have been reported in ten-stripe pin-guided arrays3 and
the present theory can describe all these array modes cor-

" _rectly.

= 13 In conclusion, we have adopted an analytical coupled-
mode approach to describe the lateral mode structure of

I. amultistripe laser arrays with no built-in lateral waveguides.
The devices are treated as broad-area lasers with gain- and

2 index-antiguiding perturbations. We demonstrate that ear-
lier formulation of broad-area perturbation theory leads to
significant errors in calculated modal gains for array modes
of order higher than the number of gain-guided array ele-

-60 -30 0 30 W0 -8 -4 0 ments.
Distance (,u) Angle (deg) The authors wish to thank J. M. Verdiell and G. R.
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FIG. 4. Near- and far-field intensity patterns of the array modes v I I U.S. Air Force Office of Scientific Research is gratefully
and v = 13. acknowledged.
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modes are labeled according to increasing frequency of os- 113 (1988).
cillation (decreasing real part of propagation constant), 2J. R. Andrews, T. L. Paoli, W. Streifer, and R. D. Burnham, Appl.

and their order can in principle be identified in an array Phys. Lett. 58, 2717 (1985).
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Fundamental array mode operation of semiconductor laser arrays

using external spatial filtering

Chung-Pin Cherng and Marek Osifiski

Center for High Technology Materials. Universiuy of New Mexico.
Albuquerque, New Mexico 87131-6081I

ABSTRACT

Detailed broad-area coupled-mode analysis of in-phase mode selection in carrier-guided arrays coupled to
external cavities with spatial filters is presented and compared with experimental results. A high-power (68
mW with output facet reflectivity of 90% which corresponds to estimated 266 mW with output facet

I reflectivity of 30%), on-axis, single-lobe far field with nearly diffraction-limited (0.64*) full width at half max-
imum is achieved from a ten-stripe carrier-guided anti-reflection-coated laser array by coupling to an external
cavity with a spatial filter. The in-phase operation is verified by wavefront measurements using shearing inter-
ferometry. 

1. INTRODUCTION

Double-lobe far-field pattern is a persisting problem in high-power carrier-guided (often termed gain-
guided) semiconductor laser arrays"'. Typically, these devices operate in high order modes which better util-
ize an inhomogeneous gain profile of a uniform array. Double-lobe emission renders it very difficult to designB and fabricate miniature optics that would collect most of the emitted light. Therefore, a highly stable single-
lobe emission pattern, with most of the light in the central lobe, is strongly preferable for many applications,
such as coupling to an optical fiber, laser printing, and free-space satellite-to-satellite communication.

Various configurations of spatial filters in external cavities have been used to achieve single lateral mode
operation in carrier-guided arrays. Yaeli et aL7 utilized a narrow, adjustable slit combined with a partially
reflecting flat mirror to select the lowest-order array mode. Chang-Hasnain et aL.l used an apertured graded-
index lens external cavity, achieving clean fundamental array mode operation up to 102 mW and predom-
inantly single-lobe output up to 500 mW, all under pulsed operation. A similar arrangement, but with a
narrow-stripe mirror placed at a far-field side-lobe position, was applied' n to obtain stable off-center emissionB in a high-order array mode with output power reaching 950 mW". This technique relies on the fact that the
array far fields are well resolved spatially and can be addressed individually by a proper spatial filter. In addi-
tion, this mode selection method can be applied to other high-power diode lasers, such as broad-area lasers.

!n this paper, we report on theoretical and experimental studies of carrier-guided diode laser arrays cou-

pled to spherical-mirror external cavities with spatial filters inserted with the goal of suppressing the high-
order modes and obtaining a single-lobe output. Coupled-mode theory with broad-area mode basis is used to
find the free-running array modes. The feedback facet of the array is assumed to be perfectly anti-reflection
(AR) coated, in order to increase the coupling efficiency of the external feedback. Cavity modes of the
array/spatial filter/external mirror system are then found by analyzing array mode mixing in the external cav-
ity. Array mode selection is investigated for various configurations of the spatial filter. Experimentally, in
addition to direct observation of the near and far fields, we measure lateral wavefronts by shearing inter-
ferometry to determine phase relations between adjacent emitters. Our results confirm that external spatialB filtering represents a simple, and yet effective, technique for obtaining the diffraction-limited single-lobed out-
put beam from a uniform carrier-guided laser array.

3
I
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2. COUPLED-MODE THEORY OF CARRIER-GUIDED ARRAYS WITH SPATIALLY SELECTIVE
EXTERNAL FEEDBACK

Modal properties of phased-array diode lasers can be described using the improved coupled-mode

theory'2' 4 . in which the array is regarded as a system of interacting single-mode waveguides. Such approach
describes well the behavior of index-guided arrays, but is inadequate when carrier-guided arrays are con-
sidered. In the latter case, it is more appropriate to treat the array as a perturbed broad-area laser. Details of
broad-area coupled-mode theory of free-running carrier-guided arrays are given elsewhere".

Using the array modes derived from coupled broad-area modes, we proceed with the analysis of external-
cavity system illustrated in Fig. 1. A spherical mirror with radius R. is placed at a distance d. away from a

perfectly AR-coated feedback facet which is located at z = L. In general, R. and d, are not assumed to
coincide, but can differ slightly. A small defocusing distance Ad, such that lAdl << R., is defined by
Ad = R., - d. A spatial filter with field transmission function t(y) is located near the mirror surface.
Although t(y) may be arbitrary, we will limit our attention to filters that can efficiently discriminate against the
higher-order array modes (the mode order v > 1). The system is analyzed by requesting that cavity modes
must reproduce themselves after each completed roundtrip, similarly to earlier work on index-guided arrays
with spatially filtered feedback16.

Each cavity mode E(yz) is represented as a linear combination of the array modes E(V)(y),
v = 1, 2, 3,.... N, where N is the number of array modes included in the calculations. It should be noted

that, in contrast to index-guided arrays, N for carrier-guided arrays is usually significantly greater than the
number of active stripes in the array. For waves traveling along -z and +z directions, we employ expansion
coefficients a and J, respectively. For a cavity mode traveling in the -z direction, we have

N
E(y~z) = (a)(z)E(v)(y)

vu1

Thus, at the output facet (z = 0), E(y,O) is specified by a column matrix A(O) constructed from the
coefficients av(0) in Eq. (1). Inside the laser, propagation of each array mode E()(y) is described by
exp(iavz), with a complex propagation constant o accounting for modal gain or loss in the laser. We

assume that each array mode experiences an identical field reflectivity at the output facet, hence, no coupling
between the array modes occurs as a result of reflection from the planar facet. According to these assump-
tions, the column matrix ;(L) constructed from the expansion coefficients d,(L) and describing the system
mode propagating in the +z direction at the AR-coate,' feedback facet is given by

A(L) = GRA(O), (2)

where G = diag[exp(ioL)] and R = rl, with facet reflectivity r = -. 55 and I the identity matrix.

In order to eliminate A(L) in Eq. (2), we need to consider wave propagation inside the external cavity

3 incorporating the spatial filter. We introduce a feedback matrix C. which satisfies

A(L ) = C.A(L). (3)

C, represents the cumulative effect of free-space propagation from the feedback facet up to the spatial filter,

passing through the filter, reflection at the external mirror, repeated filtering, and repeated free-space propaga-
tion followed by coupling back into the array modes at z = L. Combination of all these steps leads to a fol-

lowing impulse response function for radiation emitted by a point source located at y. and returning to an
image point y. 16,67:

- (yi ;y) - exp(2ik, d.,) exp [ y[.2ky2)]

Sa)y L A ( )3d. R . I [ _ d
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I Since the system is linear, any field distribution U(y,) at the feedback facet gives rise to a reflected image

field V(yi) at the same plane described by the superposition integral"

V(y,) = T h(y,;y,)U(y.)dy. (5)

For maximum optical coupling between array modes, we require R. = d, or Ad = 0, which yields the fol-
I lowing result for the reflected field V(yi)

V(yi) = -exp(2ik~d.)J U(y.)exKp iLy2y)T(y.+yi)dy, (6)

Uwhere T(yi+y.) is the Fourier transform of the spatial filter field transmission function t(y), defined as

T(y) = (y)exp - L.yy dy* (7)X.d. __ [ d.

In the limit of a very wide spatial filter [t(y) approaching unity], such that most of the diffracted light canE pass through unobstructed, T(y) becomes a delta function 8(y).

The existence of the quadratic phase term in Eq. (6) is the source of perturbation that leads to array modeI mixing even when no spatial filter is inserted. In the framework of the coupled-mode theory, conversion of
the array mode g into the array mode v as a result of a round trip in the external cavity is described by the
coupling coefficient CJ"'. Setting the source field U(yo) = E(W)(y,) in Eq. (6), multiplying the image field
V(y) by the array mode v, and integrating over the image point coordinates yields

C.P = -exp(2ik 9 4.)J 5 T(y,+yi)exp iLy2y)EP(.Evy)d . (8)
1t 2- d.

I For pt = v, Eq. (8) gives the effective reflection coefficient for the array mode v. The off-diagonal elements
of the matrix C. (Cr"'-- C,' P, I v) represent mutual coupling between array modes I and v. Taking into
account Eq. (3) and requesting that the field patterns (cavity modes) reproduce themselves in a roundtrip

I inside the composite cavity, we obtain the following matrix equation
GCGRA(0) = yA(0), (9)

i where y,,, denotes an eigenvalue. Therefore, the cavity modes are determined by the solutions of Eq. (9).
For a chosen value of angular frequency w, Eq. (9) is first solved for complex eigenvalues Y(

1, 2, 3,..., N) and the corresponding eigenvectors, and then near- and far-field distributions can be cal-
culated. The frequency (o used in coupled-mode solutions is not automatically a resonant frequency of the
composite cavity. For resonant frequencies, additional round-trip phase condition must be satisfied:

arg[y.yPj = 2,rM , (10)

I where M is an integer. The amplitude part of y(;) determines the sequence in which cavity modes are
excited when the modal gain is increased. The dominant cavity mode has the largest value of ly,(l.

Since the matrices G and R are diagonal, only the off-diagonal elements of C, may contribute to cross-
coupling between the array modes. The quadratic phase term in Eq. (8) should not be neglected as long as
the lateral dimension of the laser array is not very small compared to the radius of curvature of the feedback
mirror. The function T(yo+y 8 ) may have a complicated form, depending on the specifications of the spatial
filter. In the absence of any spatial filter IT(y,+yi) = 8(y,+yi)], the coupling coefficient CJ' is simply an
overlap integral of the two array modes with a quadratic phase term iky?2/dm. The image field returnin, to the
feedback facet is reversed with respect to the object field. i.e. E(v)(y8) --4 E(v)(-y.). Because of the symmetryK in the array mode field distributions, this field reversal causes the coupling between the array modes of
different parity to almost vanish. For the same reason, coupling between even parity array modes is stronger
than that between odd parity modes.

I
I 374 ," SPIE Vol 1418 L ase Diode Technology .rnAppicat ions II1 (199 I)



I
In order to enhance single-lobe operation of the array, the spatial filter should be selected in form of a slit

of width 2W such that only the central lobe of the fundamental array mode would be allowed to pass through.
Le.

I y 15 lyl<I
t(y) = 0 lyl> W (11)

It is easy to show that in this case T(y*+yi) reduces to a sinc function:

T(y) = (12)
Ky

Upon substitution of Eq. (12) into Eq. (8). the effect of spatial filtering on array mode mixing coefficients
Cf' can be evaluated exactly as long as the array mode distributions are specified. With proper choice of slit
width 2W, the effective reflectivity (self-coupling coefficient) C." of the fundamental array mode will be
strongly enhanced and all coupling coefficients CJPv , g, v* I involving high-order modes will be reduced
dramatically, practically approaching zero.

3. IN-PHASE MODE SELECTION BY EXTERNAL SPATIAL FILTERING: THEORY

Consider a ten-stripe carrier-guided laser array with 6-jim wide stripes and 10-jim center-to-center spac-
ing, placed in a 1-cm long external cavity with a perfectly reflecting spherical mirror. The device parameters
used in calculations are shown in Table 1. Any variation of these parameters with pumping current is
neglected. The external cavity length of 1 cm was chosen to enable comparison with earlier calculations of
Ref. 16. In calculating the coupling coefficients CP', integration is extended over a 1 10-jIm wide region.

For a solitary array, our broad-area coupled-mode theory"' predicts that the dominant array mode is
v = 10, with double-lobed far-field pattern featuring two narrow maxima separated by 4.8". In the same
instance, calculated FWHM of the single-lobed far field for the fundamental array mode (v = 1) is 0.58 °.
This value is slightly larger than the diffraction-limited beam width of 0.46" computed for a 100-1im wide uni-
form source, which we attribute to combination of a non-zero antiguiding factor b and a nonuniform near-
field distribution of the array mode.

With perfect AR coating applied to one of the facets, external feedback is necessary for any array mode to
have a finite threshold gain. Selective feedback can therefore be very effective in suppressing undesirable
modes that may have high gains in a solitary array. Computation of system eigenmodes for the laser array in
an external cavity with spatial filter start by evaluating the coupling coefficients C.1" for a particular width of
the spatial filter, which should be chosen to allow only the v = 1 array mode to pass freely and to block off all
higher-order modes. We expect that the slit width should be close to the full width of the diffraction-limited
central lobe, which, according to Ref. 18, gives 2W = 164 jim for a 100 im wide uniformly illuminated aper-
ture. A 2-D numerical integration algorithm is used to evaluate the matrix elements CjP given in Eq. (8).
Fig. 2 displays the self-coupling coefficients (effective reflectivity CV,v = 1,2,...,20) for three different filter
widths: 2W = 160, 164, and 172 gm, respectively. As expected, the fundamental array mode v = I has the
largest reflection coefficient. v = 2 array mode has the second largest reflection coefficient because a small
portion of its field can still pass through the spatial filter. Self-coupling coefficients for all the other high-order
modes (v > 2) are practically approaching zero. A trend for increasing high-order mode reflectivity can be
noticed for the filter width of 172 jim, larger than the optimal value of 164 im.

Fig. 3 s the cioss-coupling coefficients (C*",v = 2,3,...,20) between the fundamental array mode and
high-order modes, again for three different slit widths. Except for small cross-coupling between array modes 1
and 3, there is almost no coupling with any of the remaining array modes. As expected, cross-coupling
between the fundamental array mode and odd-parity even-order modes is orders of magnitude weaker than
for modes of the same parity. While both mode conversion and mode reflection coefficients for the high-
order modes can be further reduced by making the spatial filter width smaller than 160 pm, it would be

I
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I counterproductive since it would also diminish the amount of feedback for the fundamental array mode.

The high value of effective reflectivity for the fundamental array mode suggests that it is likely to be the
I main contributor to a dominant system (cavity) mode C = 1. In order to establish the order of cavity modes,

we need to examine magnitudes of all the eigenvalues I, of Eq. (9). Calculated normalized magnitudes of
y., are displayed in Fig. 4 for a slit width 2W = 164 gim. Large difference between the values of y., for

I C = 1 cavity mode and the remaining modes indicates that high-order modes are strongly suppressed. Cavity
mode discrimination deteriorates for wider slit opening in the spatial filter (2W = 172 Im, not shown in Fig.
4), since in this case all modes receive more feedback from the external cavity. On the other hand, suppres-
sion of high-order cavity modes is even more effective for a smaller slit width (2W = 160 lam), but at the
expense of increasing lasing threshold.

By definition, the fundamental cavity mode = 1 has the lowest threshold gain. However, since with a
proper choice of spatial filter width the effective reflection coefficient is highest for the fundamental array
mode, and since the threshold gain is proportional to logarithm of inverse facet reflectivity, we expect that the
v = 1 array mode will be a dominant component of the fundamental cavity mode. By the same token, we

I expect that the C = I cavity mode should have a single-lobed far-field. Fig. 5 shows amplitude and phase
parts of complex components of normalized eigenvector A1(0) representing the fundamental cavity mode for
a slit width 2W = 164 im. The cavity mode contains contributions from even-parity modes, with phase rela-

I tions between them determined by the eigenvalue equation (9). It is clear that the v = I array mode is the
main contributor to the fundamental cavity mode. The only other non-negligible contribution comes from the
array mode v = 3, which is consistent with that mode having the second largest self-coupling coefficient (Lf.
Fig. 2) and the second largest coefficient for mixing with mode v = I (cf. Fig. 3). The absence of opposite-
parity mode mixing evident in Fig. 5 is a direct consequence of negligible cross-coupling coefficients for
different-parity array modes. For smaller or larger slit widths, the corresponding eigenvectors A1(0) are similar
except that contributions from v > 1 array modes are becoming relatively weaker or stronger, respectively.

I The importance of spatial filtering can be appreciated if we compare the results of Fig. 5 with a
corresponding supermode mixing-amplitude spectra in an external cavity without any spatial filter shown in

i Fig. 3, Ref. 16, calculated for a 10-stripe index-guided array. Without spatial filter, the external cavity intro-
duces severe supermode mixing with poor mode discrimination. The cavity mode which most resembles the
v = I supermode (with single-lobed far field ) contains almost equal contributions of all five even-parity
supermodes. This contrasts with almost complete elimination of array mode mixing achieved by selecting a
proper spatial filter. One can therefore expect that the resulting far field of the C = 1 cavity mode should bear
a close resemblance to the v = I array mode. Indeed, as shown in Fig. 6, under the selective feedback
imposed by the spatial filter and a spherical mirror, the system mode exhibits a single-lobed far-field pattern.

I With the FWHM of 0.580, no further broadening of the central lobe is introduced by the array mode mixing
compared to the beam width of the v = I array mode. however, the array mode mixing does show up in the
appearance of side shoulders in the central lobe and in additional small peaks on both sides of the far-field

I pattern (Fig. 6). By inspecting the amplitude mixing spectrum of Fig. 5, we see that the shoulders are pri-
marily due to the array mode v = 3, with their height consistent with the contribution of that mode to the
fundamental cavity mode.

4. EXPERIMENTAL ARRANGEMENT

Configuration of experiments on far-field control in diode laser arrays by coupling to an external cavity
I ] with spatial filter is shown schematically in Fig. 7. The device under examination is a commercial carrier-

guided ten-stripe uniform laser array (Spectra Diode Laboratories SDL-2410C) with front facet reflectivity of
30% and back facet reflectivity of 90%. Because of difficulties with access to the back facet, the AR-coating

I for enhanced optical feedback is performed on the front facet and the output light is collected from the back
facet. The external cavity is formed by a spherical mirror having a 2.54 cm (I inch) focal length and a
variable-width slit as a spatial filter. The mirror is mounted on an X-Y-Z linear translation stage. In orderI to obtain optimal optical coupling, the feedback mirror is placed at 5.08 cm (2 inches) away from the AR-
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coated facet for a 1:1 ratio between the object and reflected image fields. Spatial control of feedback is
achieved by adjusting the opening of the slit located just in front of the mirror. Due to the limited size of the
mirror (1 inch diameter in the transverse direction) and the reflectivity of the Al-coated external mirror, it is
estimated that less than one-sixth of light is actually imaged back onto the laser array. A charge-coupled-
device (CCD) camera is placed in front of the uncoated facet of the laser array to measure the far-field pat-
terns. The images picked up by the CCD camera are transmitted to a video analyzer to be displayed on a
monitor, recorded by an X - Y scanning recorder, and then stored by a digitizer and microcomputer.

The operation of the system starts by aligning the laser array with respect to the spherical mirror.
Without applying any current, a low-power visible red He-Ne laser light is shone onto the facet of the laser
array for rough alignment. Accordingly, the feedback mirror is adjusted to capture the reflected image of the
laser light in the center of the mirror. Subsequently, a fine tuning is performed by maximizing the output
power from operating diode laser array. Stable single-lobed far-field can be obtained by choosing a proper
opening of the variable slit. No temperature control was attempted during the experiments, neither any
attempt was made to resolve spectrally measured near- and far-fields.

Initial experiments were performed on an uncoated device. Subsequently, the feedback facet of the laser
array was AR coated by using ion-beam assisted deposition. A single quarter-wave layer of HfO2 was depo-
sited. The power reflection at the AR coated facet, as inferred from measurements of threshold current
before and after AR coating, is estimated not to exceed 1%.

S. IN-PHASE MODE SELECTION BY EXTERNAL SPATIAL FILTERING: EXPERIMENT

We oegan by measuring characteristics of the solitary laser array, without any feedback and before AR
coating. The laser array had a threshold current of 237 mA. The near- and far-field pattekr of the array with
injection current ranging from 245 to 265 mA are shown in Figs. 8 and 9. Apparently, the = 10 array mode
is the dominant lasing mode, with 4.80 between its two lobes (I = 245mA). The meAsured separation
between the two lobes agrees very well with calculated value of 4.8" obtained from our broad-area coupled-
mode theory of carrier-guided arrays . Separation between the two lobes becomes larger and the FWHM of
each lobe becomes broader as the injection current increases. This indicates multi-longitudinal and/or multi-
lateral modes lasing simultaneously. This is also consistent with our coupled-mode calculations as well as
other models '1 ' which predict the highest modal gain of v = 10 array mode followed by modes v = 11,v = 12,
and so on. With increasing mode oider, separation between the far-field lobes also increases " '". The
broadening of the each lobe with increasing injection current is a consequence of progressively multimode
operation.

The uncoated array was then placed in an external cavity to investigate competition between optical feed-
back and non-zero feedback-facet reflectivity. By adjusting the opening of the variable-slit spatial filter to
- 0.83 mm, so that only the main lobe of the in-phase mode could pass through freely and all higher-order

Sarray modes were discriminated against, we achieved single-lobed far-field output. Note that the slit width is
larger than discussed in Section 3 by roughly a factor of 5, proportionally to increased cavity length (from I
cm to 5.08 cm). Due to additional feedback from the external cavity, the lasing threshold was reduced to 210

mA. As shown in Fig. 10, the FWHM of a single-lobed output beam at 230 mA was > 1.2, which is over 2

times wider than the theoretical limit of 0.58° . This broadening may be due to multi-longitudinal operation in
the lowest-order array mode, or to excitation of several lateral modes, or both. Driving the device at slightly
higher pump level resulted in destruction of the single-lobed operation. Higher-order modes started to appear
and the system displayed multi-lobed patterns. This indicates that predominant "nfluence of external feedback
gave way to F-abry-Perot mode selection inside the laser cavity, due to strong feedback-facet reflections. This

result also underscores the importance of high-quality AR coating of the feedback facet in order to achieve
high-power single-lobed operation.
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After AR coating, the external-cavity laser array started lasing at 223 mA and 225 mA without and with
the spatial filter, respectively. Without the spatial filter, the system operated with slightly higher efficiency,

but displayed complicated multi-lobed patterns at all current levels. With optimal opening in the spatial filter,
single-lobed far-field pattern was achieved at the pumping levels up to 530 mA. Fig. 11 illustrates the light
emitted through the output facet, which has reflectivity R,= 0.9, as a function of injection current (L-1
characteristic) of the external cavity laser array without (broken line) and with (solid line) the spatial filter.
The output power penalty for inserting the spatial filter grows from - 15% at intermediate currents (< 350
mA) to - 20% at high current levels (> 500 mA). These power losses are due to reduced feedback caused by
insertion of the spatial filter. Fig. 12 displays the far-field patterns at four different current levels (260 mA to
530 mA) corresponding to four points a, b, c, and d marked in the L-1 curve in Fig. 11. Since the AR
coating eliminates the competition between the facet reflections and selective external feedback, the compo-
site cavity is acting as a single resonant cavity for v = 1 array mode, but with the laser diode array as a gain
medium. At moderate pumping levels (<5 350 mA), the system outputs a stable single-lobed beam. Fig.
12(b) shows the far-field pattern for pumping current of 300 mA, with 0.8* FWHM and 12 mW output power.

This lasing condition is maintained up to 2.35 times threshold current (530 mA) with 0.64* FWHM and total
output power of 68 mW, as shown in Fig. 12(d). Above this current level, the residual facet reflectivity starts
to intervene by weakly supporting some high-order array modes, modifying the lasing characteristics of the
composite cavity and leading to multi-lobed far-field patterns. The FWHM of the single-lobed output beam is
found to decrease with the output power down to 0.64*. This result is in a very good agreement with our
broad-area coupled-mode prediction of diffraction-limited value of 0.580 obtained in Section 3. Also shown in
Fig. 11 (dotted line) is the output power that would be emitted through an uncoated front facet with
reflectivity R,= 0.3, estimated by calculating the threshold current and differential efficiency for the external
cavity configuration with the spatial filter. The internal quantum efficiency is assumed to be constant. The

effective reflectivity of the feedback facet is 0.525, as estimated from variation of threshold current with and
without external feedback. Because of the lower reflectivity (0.3 vs. 0.9), the threshold current is increased to
248 mA with simultaneous increase of external efficiency. The calculated output power at four current levels

corresponding to points a, b, c, d, is 11.3. 49, 196 and 266 mW, respectively.

A small deviation of the spherical mirror from its optimal position of focal plane coinciding with the feed-

back facet changes the far-field characteristic dramatically. Displacing the mir-or away from laser facet by - 8
pim destroys the single-lobed output completely. When bringing the mirror closer toward the laser facet, the
tolerance is - 15 gim, i.e. two times larger. This difference in tolerances can be understood by noting that a
converging beam forms an image inside the laser array which helps to confine the reflected field better. Very
small lateral shift of feedback mirror (< 5 pim) causes a lateral shift of image position at the laser facet, thus
promoting excitation of other array modes and resulting in a multi-lobed output beam.

An attempt to obtain a single-lobed far field with the spatial filter width smaller than 0.8 mm was only
partially successful. A single-lobed output was achieved only at low injection currents (5 250 mA). This is
believed to be due to 1) insufficient feedback level and severely distorted image field when the opening of
spatial filter becomes too smaller, 2) strong competition of the residual facet reflectivity (- 1%) with weak

feedback, and 3) diffraction and/or scattering at the sharp edges of nairow slit opening, ca- sing severe aberra-
tions of the reflected field. For wider spatial filter widths (> 0.85 mm), the laser systen always displayed
multi-lobed output patterns regardless of the injection current levels.

We have also examined single-lobed external-cavity afray operation under modulation conditions. Both

sinusoidal (100 kHz, 70 mA peak-to-peak) and low-duty-cycle pulse (1.66 MHz, 100 ns pulse width, 80 mA
pulse amplitude) modulation experiments were performed, with the modulated current superimposed on 220
mA DC bias. Without AR coating, sinusoidal modulation resulted in a substantial broadening of single-lobed
far field (3.4 times the theoretical limit of 0.58, and 1.7 times the CW width). A significantly better perfor-
mance was obtained with pulse modulation, with FWHM of 1.3 slightly broadened compared to CW opera-
tion. In addition, a broad low-intensity floor, superimposed on the central lobe, developed when the uncoated
array was modulated. After AR coating, the pulse modulation had no observable effect on single-lobed
external-cavity operation. This improvement is due to stabilizing influence of external cavity combined with
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After AR coating, the external-cavity laser array st&,ed lasing at 223 mA and 225 mA without and with

the spatial filter, respectively. Without the spatia'l filter, the system operated with slightly higher efficiency,
but displayed ccmplicated multi-lobed patterns at all current levels. With optimal opening in the spatial filter.
single-lobed far-filld pattern was achieved at the pumping levels up to 530 mA. Fig. 11 illustrates the light
emitted through the output facet, which has reflectivity R,= 0.9, as a function of injection current (L-1
characteristic) of the external cavity laser array without (broken line) and with (solid line) the spatial filter.
The output power penalty for inserting the spatial filter grows from - 15% at intermediate currents (< 350
mA) to - 20% at high current le,.els (> 500 mA). These power losses are due to reduced feedback caused by
insertion of the spatial filter. Fig. 12 displays the far-field patterns at four d i'erent current levels (260 mA to
530 mA) corresponding to four points a, b, c, and d marked in the L-1 curve in Fig. 11. S :'ce the AR
coating eliminates the competition between the facet reflections and selective external feedback, the compo-
site cavity is acting as a single resonant cavity for v = 1 array mode, but with the laser diode array as a gain
medium. At moderate pumping levels (< 350 mA), the system outputs a stable bingle-lobed beam. Fig.
12(b) shows the far-field pattern for pumping current of 300 mA. with 0.80 FWHM and 12 mW output power.
This lasing condition is maintained up to 2.35 times threshold current (530 mA) with 0 640 FlHM and total
output power of 68 mW, as shown in Fig. 12(d). Above this current level, the residual facet reflectivity starts
to intervene by weakly supporting some high-order array modes, modifying the lasing characteristics of the

composite cavity and leading to multi-lobed fai -field patterns. The FWHM of the single-looed output beam is
found to decrease with the output power down to 0.64° . This result is in a very good agreement with our
broad-area coupled-mode prediction of diffraction-limited value of 0.58* obtained in Section 3. Also shown in
Fig. 11 (dotted line) is the output power that would be emitted through an uncoated front facet with
reflectivity R1 = 0.3, estimated by calculating the threshold current and differential efficiency for the extern *:
cavity configuration with the spatial filter. The internal quantum efficiency is assumed to be constant. The
effective reflectivity of the feedback facet is 0.525, as estimated from variation of threshold current with and
without external feedback. Because of the lower reflectivity (0.3 vs. 0.9), the threshold current is increased to
248 mA with simultaneous increase of external efficiency. The calculated output power Pt four current levels
corresponding to points a, b, c, d, is 11.3, 49, 196 and 266 mW, resppctively.

A small deviation of the spherical mirror from its optimal position of focal plane coinciding with the feed-
back facet changes the far-field characteristic dramatically. Displacing the mirror away from laser facet by - 8
gtm destroys the single-lobed output completely. When bringing the mirror closer toward the laser facet, the

tolerance is - 15 gim, i.e. two times larger. This difference in tolerances can be understood by noting that a
converging beam forms an image inside the laser array which helps to confirse the reflected field better. Very
small lateral shift of feedback mirror (< 5 lirr) causes a lateral shift of image position at the laser facet, thus
promoting excitation of other array modes and resulting in a multi-lobed output beam.

An attempt to obtain a single-lobed far field with the spatial filter width smaller than 0.8 mm was only
partially successful. A single-lobed output was achieved only at low injection currents (: 250 mA). This is
believed to be due to 1) insufficient feedback level and severely distorted image field when the opening of
spatial filter becomes too smaller, 2) strong competition of the residual fac',t reflectivity (- 1%) with weak

feedback, and 3) diffraction and/or scattering at the sharp edges of narrow slit opening, causing severe aberra-
tions of the reflected field. For wider spatial filter widths (> 0.85 mm), the laser system always displayed
multi-lobed output patterns regardless of the injection current levels.

We have also examined single-lobed external-cavity aftay operation under modulation conditions. Both

sinusoidal (100 kHz, 70 mA peak-to-peak) and low-duty-cycle pulse (1.66 MHz, 100 ns pulse width, 80 mA
pulse amplitude) modulation experiments were performed, with the modulated current superimposed on 270
mA DC bias. Without AR coating, sinusoidal modulation resulted in a substantial broadening of single-lobed
far field (3.4 times the theoretical limit of 0.58", and 1.7 times the CW width). A significantly better perfor-
mance was obtained with pulse modulation, with FWHM of 1.3 slightly broadened compared to CW opera-
tion. In addition, a broad low-intensity floor, superimposed on the central lobe, developed when the uncoatedIa
array was modulated. After AR coating, the pulse modulation had no observable effect on single-lobed
external-cavity operation. This improvement is due to stabilizing influence of external cavity combined with

I
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suppression of internal resonances in AR-coated array.

6. PHASEFRONT MEASUREMENTS OF SINGLE-LOBED EXTERNAL-CAVITY LASER ARRAY

Different array modes have their own distinct phasefront distributions which uniquely determine their
far-field diffraction patterns. A novel scheme for diode laser phasefront measurements presented in Ref. 21
and involving a lateral shearing cyclic interferometer is recalled here to confirm our identification of the dom-
inant array mode in single-lobed laser array with spatially filtered feedback. Fig. 13 shows a somewhat more
complicated set-up for phasefront reconstruction, in which special care has been taken to avoid any distortion
in the near-field image. An almost collimated near-field image is obtained by the first objective lens system
with 0.45 numerical aperture. This near-field is divided into two parts by an 80%T - 20%R beam splitter. The
reflected part is directed into a ring interferometer for phasefront measurements m. The transmitted near-field
is Fourier transformed by a second lens system and then magnified by a third lens so that the far-field
diffraction patterns can be spatially resolved at the surface of the spherical mirror. During the measurements,
relative shears of - 5, 10, and 20 tm are used to generate fringe patterns and a Fourier transform algorithm
is used to retrieve the phase front 2 .

With the optimum tuning, the array starts to lase with a single-lobed beam at - 285 mA and with a
multi-lobed output above 320 mA. The high threshold and much smaller operating range for single-lobed
output are mainly due to aberrations, multiple absorption, and reflections in the complex lens system inserted
inside the external cavity. To ensure a single-lobed output, the operating current is kept at 316 mA during
the phasefront measurements. Due to the arrangement of apparatus, only about 7 stripes (- 70 pm) of the
near-field are used in generating the fringe patterns 2

Fig. 14 shows three fringe patterns recorded at the output of ring interferometer with three different
shears (- 5, 10, and 20 gim) between two interfering beams. Corresponding phase difference profiles
extracted by a Fourier transform technique 2

' are shown in Fig. 15. All of the retrieved phasefronts are almost
flat across the entire range of measurements, which demonstrates quantitatively that all adjacent stripes are
in-phase (0° phase shift between adjacent stripes) when single-lobed output is obtained in the far field. The 0"
phase difference is inferred from our previous measurements" of free-running carrier-guided arrays with
double-lobed far-field output. In that case, a half stripe-spacing lateral shear (- 5 pm) was introduced
between the two interfering beams so that adjacent stripes could partially overlap. This arrangement allowed
us to detect phase discontinuities between two adjacent stripes. The resulting phase difference profile (Fig. 6,
Ref. 21) clearly showed that in regions of overlap between two adjacent stripes there was a 1800 phase jump.

In our present case, no phase difference is revealed in regions where the adjacent stripes overlap with each
other. Thus, in conjunction with the single-lobed far-field output, we may conclude that indeed the array
operates predominantly in the lowest-order (v = 1) array mode which has the same phase at lasing element.
The phase difference plots for one-stripe (10 jIm) and two-stripe (20 pm) relative shears also display 0" phase
difference all across the junction. This again is different from our free-running resultse, where 180" phase
difference was obtained for 10 pm shear and 00 phase difference was detected for 20 pm shear (cf. Figs. 9 and
10 in Ref. 21). A slightly inclined slope of the retrieved phase difference for shears of 5 and 10 pm is due to
an imperfect zero frequency shift correction in processing of raw interferometer data. Other small features
along the retrieved wavefronts indicate that the wavefront over a stripe was not perfectly flat but had a small
curvature due to the gain-guided effect or small contributions from adjacent low-order array modes. Small
phase jumps at the edges of the recovered wavefronts imply that the phase may not have been locked exactly

* at 0° at the array edges.

7. CONCLUSIONS

In conclusion, we present a thorough theoretical and experimental study of uniform carrier-guided diode
laser arrays coupled to external cavities with spatial filtering. Theoretical analysis is based on a new broad-area

I
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I
coupled-mode theory. Experimentally, a single-lobed, on-axis, high-power (68 mW with R,= 0.9), nearly
diffraction-limited (0.64" FWHM) beam is achieved in very good agreement with predictions of our analysis
(0.58" FWHM). The corresponding output power of 266 mW with Rt= 0.3 is estimated for the same
configuration and the same operating conditions. Single-lobed high-quality output beam is maintained up to
2.351, in CW operation. Measurements of corresponding near-field phasefronts confirm that the fundamental
array mode is the major contributing mode.
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Table I: Carrier-Guided Array Parameters -;IE-1 ;W " OmIE-2

Wavelength 0.82 pm E ,-9Array width 100 pm E-7? ... •
Number of array elements 10
Stripe width 6 pm 1 0 20

Inter-stripe spacing 4 pm AM.O.Y M b.r (Y)
Active layer thickness 0.2 pm
Al contents in ladding layer 20% Fig. 3 Cross-coupling coefficients between v I
Al contents in active layer 0.04Cnt
Antiguiding factor 2 and other array modes.
Amplitude of gain modulation I an t

Effective broad-area gain 40 aln.
Le-ss !n unpumped region 50 an-4  

2W. 164 o
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Fig. 4 Relative gain for cavity modes in a spatially
laser r.. [ efiltered feedback configuration.
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Fig. I Geometry of laser array coupled to an
external cavity with spatial filter. 0.01
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1 20I Mado (v) Fig. 5 Amplitude and phase parts of complex
Fig. 2 Self-coupling coefficients for the first 20 array-mode mixing coefficients for = 1 cavity

array modes. mode.
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Fig. 7 Experimental set-up for studies of laser A. Id.,
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Confocal Photoluminescence: A Direct Measurement of

Semiconductor Carrier Transport Parameters
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I ABSTRACT

Using confocal microscopy a direct measurement of the minority carrier dif-

fusion length of 5 [tm is obtained for a 3-nm thick AIGaAs/GaAs graded-index sepa-

rate confinement heterostructure. A photoluminescence spatial resolution of < 1 Pm

is obtained by translating the collection aperture of the confocal microscopy ar-

I rangement. This technique provides a method for obtaining spatial resolution in

photoluminescence from semiconductor structures that is limited only by the optics

rather than by carrier transport effects. This resolution is illustrated by monitoring

enhanced carrier transport for a transversely graded thickness quantum well

formed by MOCVD growth over a cleaved sample edge.
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Photoluminescence (PL) provides a powerful, noncontact diagnostic of semi-

I conductor properties that is routinely applied to monitor composition, carrier con-

3 centration and dynamics, impurity species and concentrations, etc.[1] In semicon-

ductor PL, electron-hole pairs are excited optically and their recombination fnllow-

I ing interaction with the lattice and with impurities, etc. provides the spectral in-

formation. In contrast to Raman scattering measurements, where the spatial reso-

lution is determined solely by the optical arrangement, the spatial resolution of PL

3 measurements is often limited by carrier drift and diffusion before recombination.

Very high spatial resolution is attainable in the excitation step using electron-

beams (cathodoluminescence) or by related techniques such as scanning tunneling

microscopy[2]. However, excited carrier transport still determines the achievable

I resolution. Near-field optical microscopy [3,4] can image extreme sub-wavelength

features defined by large dielectric discontinuities, but cannot provide spatial

resolution for fine structure.

Confocal microscopy has advantages of enhanced spatial resolution, of optical

sectioning or depth profiling, and of relative insensitivity to scattered light[5].

Much work has been done on confocal fluorescence in chemical and biological

samples; instruments have also been developed specifically for use in semiconductor

manufacturing inspection and .netrology [6]. In its simplest form, ronfocal

microscopy uses matched illumination and collection optics and back-focal-plane

apertures to monitor the reflection (or transmission) of only a single focal spot on

the sample. An image is formed either by translating the sample under this spot or

by translating the optical train across the sample. When applied to PL, confocal

microscopy clearly avoids the carrier transport issue by rejecting any luminescence

that originates from carriers that have moved outside of the directly illuminated

area. By translating the collection optics aperture to collect the luminescence as a

I !a
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function of position, a simple and direct measurement of carrier transport

parameters is immediately available. Similar experiments with lower resolution

I have recently been reported [7,8]. These experiments were focused on long-range

carrier transport in "surface-free" samples and did not explore the resolution limits

of confocal PL microscopy.

Here, we report initial results on confocal photoluminescence for a

GaAs/AlGaAs graded-index separate confinement heterostructure (GRIN-SCH)

quantum well semiconductor sample, similar to that used in many semiconductor

laser structures. This structure was grown on a 1.2-mm wide, cleaved GaAs sample

I placed onto a 2"-diameter wafer. This results in significant variations in the

quantum well thickness near the sample edges which are explored using confocal

I PL microscopy.

Effects observed include: direct measurement of carrier diffusion length (-5

I~m at room temperature) in the quantum well; variation of PL peak frequency

across entire sample with dramatic effects near the sample edges; a similar

variation of PL quantum efficiency across sample; and evidence for carrier drift in

the piane of the quantum well towards a wider quantum well.

The optical arrangement of the confocal PL microscope is shown in Figure 1.

The excitation is provided by an Ar+-ion laser beam at 514.5 nm which is imaged

onto the sample using a 50-m aperture in the back-focal-plane of the final objec-

tive, a beamsplitter, and a 60X microscope objective (NA. = 0.85) to illuminate a

-0.75-tim diameter spot. The focal spot diameter was calibrated using a knife-edge

technique. Total power was varied from 58 pW to 380 tIW (-1-7 kW/cm2 ) without

any change in spatial or spectral characteristics. The PL was collected with the

same microscope objective and imaged onto a matched 50-jim aperture in the back-

focal-plane and further relayed to a spectrometer for spectral analysis. The
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spectrometer slitwidthe were large compared with the aperture to avoid any

spt,:ious spatial filtering. This collection aperture could be translated to allow

direct measurement of carrier transport effects. Because of the 60X magnification,

translation was readily accomplished with a simple micrometer stage.

The illuminated area on the sample is given by the Gaussian laser focal spot.

The luminescence L(trAS) originates from a larger area as a result of carrier trans-

port by diffusion and drift away from the excitation region. L(tA) is imaged onto

the plane of the collection aperture by the microscope objective, that is

I(../M) = f I h( ./M-4G0.) I2L(i.)dicG. (1)

Here, M is the magnification and h() = 2J,(v)/v with uf2nrsincElA is the point

spread function of the microscope objective at the luminescence wavelength with

sina the numerical aperture. The spatial resolution of the collection is given by this

point spread function convolved with the aperture function. For a sufficiently small

aperture, the achievable resolution is just given by the Airy pattern associated with

the lens and is -0.8-gm diameter at the sample at the 1/e2 points at 800 nm.

Typically, apertures of -1/2 the diameter of the point spread function, referenced to

the aperture plane, are required to achieve this resolution [5]; the 50-tkm diameter

aperture used in these experiments is slightly larger and somewhat degrades the

achieved resolution.

The sample was prepared by MOCVD at a growth temperature of 725"C. The

growth profifle of the GRIN-SCH structure is shown as the inset to Fig. 1. The

background n-type doping of the as-grown quantum well is equivalent to a bulk

density of -5x10 16 cm-. The starting material was cleaved in a narrow stripe, 1.2 x

20 mm2 . This sample was mounted atop a 2" diameter wafer with the long
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dimension perpendicular to the gas flow. The inhomogeneity in the gas flow

introduced by the sample edges results in a variation in the growth rates, and in

the final quantum well width, near the edges of the sample. Growth on patterned

substrates is a important developing field within optoelectronic devices[9].

Regrowth over patterned areas is also increasingly important for device isolation

and other novel functions that cannot be achieved with uniform growth. A detailed

understanding of the growth process over steps and other topology is necessary for

full exploitation of these possibilities.

Figure 2 shows the result of scanning the sample in a conventional confocal

fluorescence microscopy arrangement with the collection aperture conjugate with

the input aperture so that the PL of the excited region is monitored. Both the peak

PL wavelength and the PL intensity at this wavelength show systematic shifts

across the sample (0 is the middle of the 1.2-mm wide sample) with larger effects

near the edge. The change in luminescence wavelength suggests that the quantum

well width is increased near the sample edge. The PL was relatively broad,

halfwidth of 23 nm, which suggests that sample inhomogeneities, impurity

incorporation and interface roughness significantly affect the carrier transport.

Previous studies of minority carrier lifetimes have shown that minority carrier

recombination in narrow quantum well structures such as these is typically

dominated by nonradiative interface effects and AIGsAs quality that depend

sensitively on growth temperature and other parameters of the growth process [10].

The resolution of confocal PL is demonstrated in Fig. 3. The bottom panel

shows the results of three images formed by translating the collection aperture.

The narrowest scan is the coherent, bright-field confocal reflection image of the

excitation beam with a HW-M of 0.38 tim. The enhanced spatial resolution of

coherent confocal microscopy (proportional to h) and the shorter excitation
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wavelength result in this high spatial resolution. The intermediate trace (HWHM

0.9 j.m) for PL from a thin dye film (LDS-821) sandwiched between glass slides

3 provides a measure of the system resolution, which is lower for luminescence than

for bright-field reflection. The widest trace is the sample PL taken at the center of

i Lhe sample away from the variations in quaritum well width.

At the excitation wavelength (514.5 nm) the Alo.6Ga As absorption length is

about 0.2 pm so that the incident photons are absorbed into cladding and reach the

quantum well by diffusion processes. Once in the quantum well, the diffusion

process is two-dimensional. The Green's function in two dimensions is K.(pILD)

3where & is a modified Bessel function, p is the polar radius and LD2 = Dz with D

the diffusion coefficient and x the minority carrier lifetime. The minority carrier

I distribution is givdn by the convolution of the source distribution with this impulse

response. For an excitation area -mall compared with the diffusion length, this

simply gives a minority cs iar spatial dependence that scales as K with an

3 asymptotic dependence of (p)'V2exp(-p) where p - p/LD. The solid curves in the

figure give the best fit to this Bessel function with LD=5.3 Rm.

I The middle panel of Fig. 3 shows the spatially resolved PL, obtained for a

fixed excitation spot by translating the collection aperture, for an excitation spot

approximately 15 ttm from the sample edge in the region of rapid variation of the

well thickness with distance. The gradient of the well width in this region results

in an additional force on the carriers drifting them towards the thicker regions of

the quantum well. This is responsible for the asymmetry and increased intensity

on the right-hand side of the figure. An additional compensating influence on the

spatial profiles is the rapidly decreasing local nonradiative decay rates as the carri-

ers drift towards the sample edge. The solid curves in the figure give the best fit to

the simple Bessel function diffusion calculation. The enhanced effective diffusion
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length in the direction towards the surface is suggestive of carrier drift towards the

wider portion of the quantum well. The top trace shows the measured PL peak

I frequency for the data of the middle panel. The shift in frequency clearly

demonstrates that the PL is originating from carriers that are equilibrated with the

local band structure. The three points marked with triangles were taken in a

conventional confocal geometry, (Fig. 2) moving the sample with the two apertures

in conjugate positions. There is good agreement between the frequency shifts in the

two experiments.

In summary, a confocal microscopy technique providing high spatial resolu-

tion for PL experiments has been demonstrated. A spatial resolution of < 1 gpm is

achieved. The capabilities of this technique have been demonstrated by monitoring

I the spatial dependence of the PL for a transversely graded GRIN-SCH structure

obtained by MOCVD growth on a patterned substrate. Future experiments will

extend these measurements to more conventional patterned substrates including

regrown laser arrays and unstable resonators. Additionally, measurements are

planned adding ultrafast time resolution to this spatial resolution to obtain a more

I complete picture of the ca.rier dynamics.
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i Figure Captions:

I Fig. 1: Experimental arrangement for confocal photoluminescence. The inset

shows the epitaxial growth structure.I
Fig. 2: Peak wavelength of PL and relative signal intensity across the sample. Data

I is shown from the center to an edge of the 1.2-mm wide sample. The MOCVD gas

I flow was normal to this dimension. Note the rapid changes in PL wavelength and

intensity near the sample edge.I
Fig. 3: Spatially resolved PL taken by scanning the collection aperture with a fixed

I excitation spot. The narrowest scan in the bottom panel is the bright-field confocal

reflectivity of the laser source (width - 0.76 jim), the next scan is the PL from a thin

dye film (LDS-821) that provides a measure of the experimental resolution of -1.8

IIm at the luminescence wavelength. The final scan is the PL from the central po-

sition of the sample. The middle panel shows a similar scan from a position 15 Rm

i from the sample edge. The asymmetry towards the right results from carrier drift

because of the quantum well thickness gradient. The top panel shows the peak PL

wavelength for this data. The points marked with a A were obtained in a con-

ventional confocal arrangement (e. g. Fig. 2).
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ABSTRACT

I
We report the first measurements of optical scatter in epitaxial

semiconductor multilayer structures. The structures comprise quarter-wave

layers of Al 0 2GaAs/AlAs and GaAs/AlAs grown by molecular beam epitaxy and

3 Al0 2 GaAs/AlAs grown by metal-organic chemical vapor deposition to assess

differences due to growth technique and layer composition. The bidirec-

tional reflective distribution function (BRDF) is measured at wavelength of

835 nm. This wavelength corresponds closely to the Bragg reflection condi-

tion of the multilayer which was determined by separate micro-reflectance

spectroscopy. The BRDF measurement yields values for the total integrated

scatter and and effective surface roughness. The former is

in the range 7xl0 "4 to 5xlO3 while the latter is in the range 3 to 16A. We

suspect that the scattering loss is determined by the quality of the sub-

strate material and not by artifacts produced in the growth process itself.

Both growth techniques yield comparable scatter loss on average, but there

are significant differences in microscopic surface morphology, uniformity of

scatter across the wafer, and lower limits of scatter. The measurements

have significant implications for applications such as surface emittirg

laser technology.

I



Semiconductor surfaces are routinely examined for structural defects

by eye or under the microscope. Such examination usually occurs after

polishing the wafer or after growth of an epitaxial layer. However, the op-

tical scatter which reveals these defects to the eye is seldom measured

quantitatively. This is in spite of the fact that optical scattering is a

very powerful tool which yields information about the microstructure of the

surface on an angstrom scale.' The importance of measuring optical scatter

from microstructure of semiconductor surfaces and interfaces has arisen

recently through the development of epitaxial semiconductor optics.2 These

structures comprise quarter-wave multilayers of semiconductors with applica-

tions including surface-emitting lasers, bistable optical devices, optical

modulators and detectors. Multilayers used as mirrors feature narrow band

reflectance which can exceed 99 percent. Spectral characteristics of multi-

layers grown by both molecular beam epitaxy
3 and chemical vapor deposition4

have been reported. The ultimate reflectance which can be attained is

limited by absorption and scattering. Elastic optical scattering is

primarily determined by the crystalline imperfection of the mirror layers

and interfaces. Defects such as interface roughness, surface defects

(hillocks and oval defects), dislocations, and compositional uniformity will

all contribute to optical scatter. Despite these defects, epitaxial mirrors

are expected to exhibit less optical scatter than conventional multilayer

mirrors prepared by vacuum deposition. The latter mirrors exhibit a colum-

nar, polycrystalline morphology which limits the perfection of the layers.6

This limitation is not present in single crystal semiconductor mirrors which

are grown epitaxially on semiconductor substrates such that atomic registra-

tion is preserved from layer to layer. The substrate material can influence

the perfection of the grown layers. It is the purpose of the present letter

to report the optical scatter of semiconductor mirrors grown on commonly

I available GaAs substrates.

In this letter we report measurements of optical scattering from

three different structures comprising epitaxial semiconductor multilayers

I
I



grown by molecular beam epitaxy (MBE) or metal-organic chemical vapor

deposition (MOCVD). Two of the structures BI071 and UNM150 comprise

Alo. 2Cao.sAs/AlAs (710/640 A) multilayers and are grown by MBE (Riber) and

MOCVD, respectively. The third structure VR867 comprises an AlAs/GaAs

(850/670 A) multilayer grown by MBE (Vacuum Generators). All three of the

mulilayers were designed as quarter-wave high reflectors for the wavelength

range 800-900 nm as part of a surface-emitting laser. Each multilayer

showed a reflectance peak in this wavelength range when the surface normal

reflectance spectrum was measured (data not shown here). All of the struc-

tures lased continuously witsl high efficiency at room temperature when

optically pumped with 7525 A light.

The optical scatter from each structure was determined by measuring

the bidirectional reflective distribution function (BRDF) as described pre-

viously.6  In this measurement, collimated light at 835 run was directed near

normal incidence (4° off) onto the sample. This wavelength was chosen be-

cause it is near the design wavelength of the high reflectance zone of the

mirrors. Consequently, only the top surface and first few mirror layers are

sampled. Light scattered in the plane of incidence was measured as a func-

tion of angle from the normal with a small area (2.5 mm diameter)

photodetector located 60 cm from the sample. The BRDF is defined as

BRDF -?:A- "A/ " (1)

where Pi is the incident power, A the irradiated area, and dPs the differen-

tial power scattered into differential solid angle ws at angle 0s from the

normal in the plane of incidence. The units of BRDF are inverse steradians.

In addition, the background scatter was measured with the sample removed

from the light beam. This allowed us to isolate the effects of the in-

strumentation from the scattering measurements.

The BRDF measurement was performed separately for two different spot

sizes of 2mm and 0.4mm. The larger spot size allows us to extend the range



of the BRDF measurement to small scattering angles. The smaller spot size

allows us to decrease the scattering from pits on the wafers. Typically, we

observed pits that were a few microns in size and spaced hundreds of microns

apart. The BRDF measured with the smaller spot size is probably influenced

by scattering from these pits which are associated with the substrate. With

the .smaller spot size, the scatter light was measured at a fixed angle (90

from normal which is sensitive to large rms roughness) while the wafer was

raster scanned with respect to the fixed incident beam. This yielded a 2-

dimensional map of the scattering from the wafer surface. With this map,

regions of lowest possible scatter could be identified and full BRDF

measurement made. From these maps we made histograms of the frequency of

occurence of scattered intensity across the wafer, shown in Fig. 1. These

data show average scattered intensities that vary from 5xlO "3 for DKI5I,

8xlO 4 for UNMI50, and 5xlO "
4 for VR867. This latter wafer had the least

average scatter and the scatter was most uniform across the wafer as 80% of

the samples occured in the range 2xlO "4 to 2x10 5 . The lowest possible

scatter 3x10 s5 occured in a few selected positions on wafer UNMI50. Wafer

DK151 shows considerable more scatter and less uniformity than the other two

wafers.

w r The BRDF measurements for low scatter regions on the three wafers

are shown in Fig. 2a. As well, the instrumental background measurement is

shown by the dashed line. Each scatter curve shows a pronounced peak at 0*

corresponding to specular reflectance. There is a break in the data from -

4' to -I0° where the photodetector blocks the incident beam. Away from 00

the curves fall off by factors of 108 to 1011 depending on sample. The

shape of the BRDF is similar for the two MBE-grown structures. Although

scattering from DK151 is about 10 times greater than VR867, both curves are

relatively flat for angles larger than 15. In contrast, the BRDF for the

MOCVD-grown structure continues to decrease for angles up to 30*. Beyond

30" this curve is relatively flat, exhibiting 10 to 100 times less scatter

than the MBE grown wafers.

iI l



The total scatter from each wafer can be computed from the BRDF

measurement by assuming isotropic scattering. The calculated total in-

tegrated scatter (CTIS) is given by CTIS-Ptot/P where
s spec

s - 2d max Ps(0) dO (2)

where 0 is the scattering angle and 0 the angle out of the scattering plane.

The CTIS calculated from the BRDF measurements of Fig. 2a are 1.3x10 5 for

UNMl50, 1.4x10"4 for VR867, and 3.2xi0 "' for DKl51. Thus for data of Fig.

2a, the reduced large angle scattering for the MOCVD-grown structure yields

the lowest total scatter for all wafers.

The power spectral density (PSD) is a useful surface statistic which

can be calculated directly from the BRDF measurements.? 'g The method for ob-

taining the PSD from the scattering measurement has been previously

discussed for the case of smooth surfaces.1 0 The PSD can be interpreted as

the roughness power per unit spatial frequency and is shown in Fig. 2b for

the three different structures. All three curves show that the roughness

power for scattering is maximum at low spatial frequencies and decreases al-

most monotonically to the upper limit of the spatial frequencies studied.

This general behavior is characteristic of most optical surfaces. The

curves for the two MBE grown structures are similar over most the spatial

frequency range. The curve for the MOCVD grown structure is distinctly

lower, especially at the higher spatial frequencies near 1 pm'1. An effec-

tive root mean square roughness over the 1 to 30 pm range can be determined

from the PSD curves by integrating over the range of spatial frequencies.

The results give 2.7, 8.5, and 16 A for UNM150, VR867, and DKl5l, respec-

tively. The root mean square roughness statistic is more appropriace for

single optical surfaces and care must be exercised in its interpretation for



multilayers. It represents the equivalent roughness of a hypothetical

single optical surface with equivalent reflectivity.

The data of Fig. 2 correspond to wafer regions of lowest possible

scatter in the histograms of Fig. 1. Scattering data shown in Fig. 3 were

also obtained from wafer regions corresponding to the highest frequency of

occurence in the histograms. In these measurements the BRDF was recorded

with a larger spot size of 2mm. As a consequence, the scatter could be

measured to much smaller angles than those in Fig. 2a. The scattering

curves for VR867 and UNMI50 shown in Fig. 3a are more sharply peaked about

0* scattering angle. Both curves are relatively flat beyond 15" and have

similar magnitude. The calculated total integrated scatter is 8xlO 4 for

both curves. The PSD calculated from these curves are shown in Fig. 3b.

The PSD decreases monotonically over the extended range 10-3 to 1 pM-" cor-

responding to 1000 to 1 pm sizes. At low spatial frequency the PSD exhibits

3 major peaks. At high spatial frequency the PSD is nearly featureless but

exhibits a minimum near 0.5 pm 1.

As a separate part of this study, we examined the surfaces of the

wafers by Normarski differential interference contrast microscopy. for

sample VR867, under low magnification 50x the surface appears very smooth.

Under high magnification 400x, the surface exhibits a very high density

(about 106 cm"2) of small -1 pm pits, barely visible to the eye. The other

two samples UNMISO and B1071 appeared very smooth under high magnification.

Under low magnification, all of the samples featured pits ranging in size

from a few to tens of microns. The pit density was in the range 104 to l0

cm "2 . These pits are likely due to inperfections in the substrate materials

which are reproduced in the epitaxial layers. We note that the scattering

measurements of Fig. 2 (Fig. 3) are made with a 0.4 mm (2mm) spot on the

wafer. Thus, tens to hundreds of pits are sampled. We anticipate that

these pits contribute significantly to the BRDF scatter measurements. Thus

the measurements reported here may not represent the lower limit of intrin-

sic scatter by the grown-in roughness of the semiconductor surface/layer



interfaces. If smaller sampling areas (10 um or less) could be used, the

scattering contribution due to the pits could be eliminated completely.

In summary, optical scattering measurements of surface/interface

roughness were made for semiconductor quarter-wave multilayers grown by both

KBE and MOCVD. The results showed that most uniform low scatter across the

wafer was achieved with the MBE technique. The MOCVD technique yielded the

lowest possible total scatter 10"5 at selected wafer points, which compares

favorably to state-of-the-art ring laser gyro optics.1 1 More typically, the

total scatter from such multilayers is about Ixl0 "3 and is probably limited

by the quality of the substrate. Applications such as GaAs-based surface-

emitting lasers 12 (especially single quantum well lasers) should benefit by

improvements in multilayers which reduce optical scatter.

We thank G. Valliant and A. E. McDonald for technical assistance.
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3 Figure Captions

I
1. Histograms showing the occurence of a given scattered intensity across

3 the wafer for three different epitaxial semiconductor mirror structures.

The incident and scattering angles are 4 ° and 9* from the surface normal,

respectively. The spot size is 0.4 mm and the light wavelength is 835 run.

I
2. (a) Bidirectional reflective distribution function (BRDF) measured for

the three different wafers. The measurements were made with a 0.4mm spot

size at selected positions on the wafer corresponding to low scatter. Upper

curve: wafer DK151 grown by MBE, middle curve: wafer VR867 grown by MBE,

bottom curve: wafer UNM150 grown by MOCVD.U
(b) Power spectral density for the three wafers. The curves were com-

3 puted from the bireflective distribution function shown in (a).

I
3. (a) Bidirectional reflective distribution function (BRDF) measured for

3 samples VR867 and UNM150 with a 2 mm spot size at positions on the wafer

corresponding to the average scatter.I
(b) Power spectral density computed from the bireflective distribution

3 function shown in (a).
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Abstract

We report the generation of phase conjugated signal by single cell Brillouin

enhanced four-wave mixing with a focusing geometry. A single cell containing the

3 optical nonlinear medium is used simultaneously for conventional stimulated

Brillouin scattering and for four-wave mixing. Experiments were performed using

either CS 2 or TiCI4 as the nonlinear medium. These materials have large Brillouin

3 gain but differ greatly in their nonlinear index of refraction, thus the mechanism for

four-wave mixing is shown to be Brillouin nonlinearity. An important advantage of

3 this geometry is that the frequency of the phase conjugate signal is not shifted from

the pump frequency.

I
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Optical phase conjugation has received considerable attention recently because

of its many potential applications. Since the first report by Zel'dovich et all, phase

conjugation has become an important subfield of nonlinear optics. The most common

ways of generating phase conjugation are stimulated Brillouin scattering (SBS) and

degenerate four-wave mixing (DFWM)2 . SBS is generated by directing an intense

light beam into a nonlinear medium. If the input intensity reaches the SBS threshold,

a Stokes wave which is the counterpropagating phase conjugate of the incident wave is

generated. In the DFWM case two strong counterpropagating pump beams and a

weak probe beam (at a small angle with respect to the pump beams) are mixed inside

the nonlinear medium, resulting in the generation of a fourth (signal) wave which is

the phase conjugate of the probe beam.

Both of the above methods have advantages and disadvantages. For instance,

E SBS does not occur until the incident pump intensity reaches a certain threshold, and

the reflectivity never exceeds unity. Also, the Stokes wave frequency (wS) is slightly

shifted from the input beam frequency (wL) by the acoustic frequency (fl) of the

3 nonlinear medium (fl/wL % 10- s to 10-6)3. The advantages of SBS are the ease of

optical alignment and the noncritical dependence on the optical quality of the input

beam. On the other hand, four-wave mixing (FWM) requires that the two strong

Ipump beams have a high degree of spatial coherence, and is sensitive to the optical

alignment. One of the advantages of FWM is that the reflectivity of the probe beam

can be larger than unity.

I Brillouin enhanced four-wave mixing (BEFWM) 4 is a judicious combination of

I
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I

I the above processes. In fact, BEFWM is a nearly degenerate four-wave mixing

I configuration, i~n which the two strong counterpropagate pump beams and the weak

probe beam (at a small angle with respect to one of the pump beams) overlap inside

the nonlinear medium. In BEFWM the frequency of the probe beam is

Brillouin-shifted (Stokes or anti-Stokes shift) with respect to one of the pump beams.

IThese two waves interfere inside the active medium. This interference pattern drives

i an acoustic grating moving at a speed close to the acoustic speed in the medium. This

acoustic grating scatters the other pump beam to form the phase conjugate beam. It

I has been demonstrated that the frequency of the phase conjugate beam can be

upshifted5 , downshifted6' 7 or held fixed' with respect to the probe beam frequency by

Ivarious combinations of the pump and probe beam frequencies.

I BEFWM has been used to obtain phase conjugate reflectivities up to 106 with

very weak probe intensities. These high reflectivities are possible because the phase

conjugate intensity grows exponentially in time until the pump beams are depleted

and the gain is saturated. Recently, Ackerman et al1°, used a sophisticated double

injection-seeded laser experimental arrangement with continuous tuning of the pump

and probe frequencies to obtain a phase conjugate reflectivity of 3 x 107 with input

energy % 10 pJ.

In this letter, we report single cell BEFWM in a single cell containing a

nonlinear medium which is simultaneously used for both conventional SBS and FWM.

aScott et 111,12 have reported experiments using a similar geometry with different

combinaions of the pump and probe frequencies and in a waveguide configuration.
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Our experimental arrangement is schematically shown in Fig. 1. The pump beam E,

with frequency w is generated by a pulsed Nd:YAG laser. It consists of a single

longitudinal mode with a pulse duration of 40 nsec and a beam diameter of 4 mm.

This pump beam El is initially P-polarized (polarization parallel to the plane of the

paper), and is left circularly polarized in the nonlinear medium after it passes through

the X/4 plate and the focusing lens (f = 15 cm). In our initial experiment, the

nonlinear medium was CS2 because of its large Brillouin gain (0.04 cm/MW) 3. The

CS 2 cell was a long (18 cm) stainless steel tube with both end windows AR coated.

Since the SBS process is not polarization conserving, i.e., the SBS mirror reflects light

like a conventional mirror, the reflected wave E2 is right circularly polarized. After a

second pass through the A/4 plate, E2 becomes S-polarized (polarization normal to

the plane of the paper), and is coupled out by the cube polarizer. It has a frequency w-

fl, where fl is the acoustic phonon frequency associated with the SBS process (in our

case fl = 3.75 GHz). E2 is guided through the A/4 plate to the other end of the

nonlinear cell and enters at a small angle e = 3.30 with respect to El. It is now the

probe beam E3 in the FWM process. The resulting single cell BEFWM process is

shown in Fig. 2. In this experimental configuration, E, and E3 interfere to generate an

acoustic grating which moves from left to right as shown in Fig. 2. This grating

scatters E2 to form the left circularly beam E4 which is the phase conjugate of E3 .

From energy conservation,

W4 = W1 + W2 - 1 (1)

and in this experiment w, = w, w2 = w - ( = w3, so that W4 = w. The phase matching

-4-



condition is

Ak = -k1- k2 + k +k4 , (2)

where Iki I = nwi/c. In our configuration, cose : 1, Ak t- 0, and hence the phase

matching condition is nearly satisfied.

Since E, is focused into the nonlinear medium, another focusing lens (f = 100 cm)

is used to reduce the diameter of beam E3. The two focal points are adjusted to

maximize the phase conjugate signal which occurs when the two beams overlap i.e.,

the focal point of f2 is to the left of f, and their separation is 4.5 cm in the nonlinear

cell. The phase conjugate beam E4 is detected by an energy meter behind the

partially transmitting (50%) mirror M3. When the input beam E3 reaches the SBS

threshold, a second SBS process occurs. In order to prevent the second SBS process

occurring, the intensity of the beam E3 must be less than SBS threshold of the

medium. An identical CS2 cell next to the FWM cell is used to measure the threshold

under the same conditions. The measured SBS threshold is about 1.2 mJ. In our

experiments the energy of the beam E3 is always kept below one-half of the threshold

energy. Thus the phase conjugate signal observed is derived only from the BEFWM

process.

In this experiment, the energy of the input beam E, was kept at 23 mJ, while

beam E2 (which is the SBS version of EI) was 17.5 mJ. Typical experimental results

are shown in Fig. 3. The highest reflectivity in our case is about 60% with a pulse

-5-



duration of 16 nsec. Much higher reflectivities can be obtained using BEFWM.

Watkins et al'4 measured the threshold of instability at phase mismatched condition

and show that it exhibits minima as a function of phase mismatch, and that the

minima occur at a significant phase mismatch. In our case, the phase match condition

is satisfied, so the threshold of instability is even higher than 10. In this experiment,

gilL = 0.55 (with L = 3 cm, I1 is the pump intensity assumed to be undepleted in

passing through the nonlinear medium, and g is the briflouin gain) which is well below

the high reflectivity threshold, explaining why the reflectivity is only 60%.

In our first experiments, W2 = W3 = w - f) so that the interference between beams

E2 and E3 can also produce an index grating. In this case El can be scattered by the

index grating and a signal wave with w4 = w can be generated from a simple four-wave

mixing process, i.e., from the contribution of X 3 . CS2 not only has a large Brillouin

gain but also has a large X( 3) . In order to determine whether the signal comes from

BEFWM or simple FWM, another series of experiments using the nonlinear medium

TiCl 4 was performed. TiCl 4 has a Brillouin gair gB which is 21% that of CS2 but a

X value which is very small compared to that of CS2 " s. Our experimental results

show that when TiC14 is used at the small probe (E3) regime, the reflectivity is about

one-fifth as large as when CS 2 is the nonlinear medium. Figure 3 shows that the

reflectivity decreases as the probe energy increases, a likely explanation of this

behavior is total saturation 6. This result confirms that the dominant process is

BEFWM and is not due to X(3) . In addition, the reflectivity in conventional DFWM

is given by (kAnL) 2 for small reflectivity where An = n21 E12 and k is the wavevector

and n2 is the nonlinear index of refraction. For the conditions of our focusing

-6-



geometry the reflectivity due to FWM is calculated about 1.4% (with CS2 as the

nonlinear medium). This is much smaller than the measured reflectivity, so we can

conclude that BEFWM is the dominant process. Because the interference between Et

and E3 plays an important role in the generation of phase conjugate signal in the

BEFWM process, the rotation of the A/4 plate should reduce the phase conjugate

signal to zero as E3 approaches a state of left circular polarization. This is confirmed

by the experimental observation.

In conclusion, we have shown that phase conjugation can be generated by single

cell BEFWM with a focusing geometry. With a relatively large probe energy the

reflectivity reached 60%. The frequency of the phase conjugate beam is not shifted

from the pump frequency, and with focusing geometry the optical alignment is easier

than those using a waveguide configuration. In comparison with the conventional

BEFWM configuration in which two nonlinear cells are used, our configuration is

more compact.

-7-
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Figure captions

Fig. 1. Experimental setup of the self-pumped BEFWM scheme. PBS, polarized

beam splitter; A/4, quarter wave plate; f1, f2 focal lenses with focal length 15 and 100

-- cm; M, and M2 are total reflection mirrors; M 3, 50%R mirror; D, detector.

Fig. 2. Schematic diagram of the frequency and polarization relationship use in self

pumped BEFWM. L(R): left (right) circular polarization; fl is the acoustic frequency

of the medium.

Fig. 3. Dependence of the phase conjugate reflectivity on the probe beam energy for a

fixed pump energy 23 mJ. (0): CS2 is the nonlinear medium; (0): TiC14 is the

nonlinear medium.
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I Widely tunable, high power external cavity semiconductor lasers

Yuan Li, Cun-kai Wu, Morris B. Snipes, Jr. and John G. Mclnerney

Optoelectronic Device Physics Group, Center for High Technology Materials3 University of New Mexico, Albuquerque, NM 87131-6081

ABSTRACT

While considerable attention has rightly been paid to the spatial coherence properties of high-power semiconductor lasers,
very little work has been done to optimize their temporal coherence, as might be required by applications such as pulsed-
Doppler laser radar, widespread optical clock distribution in dispersive channels, and spectroscopy.

Here we describe the operation of a wide stripe (100 pim) GRIN-SCH-SQW GaAs/AIGaAs device, which when first
fabricated with a threshold current of -400 mA. A high-reflectivity (R - 85 %) dielectric-metal coating wa deposited on
one side and a two-layer anti-reflection coating (R < 1%) was deposited on the other (internal) facet. Various external
cavities were constructed and their spectral properties examined. A simple mirror external cavity gave a maximum
threshold reduction (to original threshold current) but the longitudinal mode spectrum was broad and unstable. By
contrast, when a 1200 line/mm diffraction grating was coupled so that its rulings were parallel to the laser junction, the
laser has a threshold of 550 mA and operated up to at least 2.5 Ith in a single,narrow ( < 0.5 A, instrument limited)

longitudinal mode which was tunable from 7770 to 8080 A by rotating the grating. Using this configuration the laser
produced more than 500 mW in pulsed mode (0.8 pis, 10 kHz). The output wavelength was extremely stable with respect
to variations in current and temperature.

I 1. INTRODUCTION

I Narrow linewidth and wavelength tunability of semiconductor lasers with high output power are highly desirable in many
applications' . Such devices are needed in areas of coherent optical fiber communications, free space communications,
microwave energy transmissions and nonlinear optical frequency generations. We have developed a system which uses a

I pulsed semiconductor laser coupled to an external grating to produce 500 mW peak power of output power, with a
linewidth of 0.5 A or less, and a tuning range of about 300 A.

Using an external cavity to achieve single longitudinal modes and narrow linewidth has been done previously by several

groups 2-6. One such group has reported a tuning range of 200 nm using a grating external cavity with a 10 mW single-
mode output power4. However, to our knowledge only Mittelstein et at. have produced significant output power of 200ImW using an external cavity system6.

Because semiconductor laser material have a wide and flat gain spectra, it is possible to achieve lasing over a wide tuning
range. The grating functions as a wavelength filter so single longitudinal-mode operation of the semiconductor laser can
be easily achieved with such configuration. The wavelength selectivity of the grating allows the lasing wavelength of the
external cavity laser to be adjusted to a desired wavelength, even though this wavelength may locate a distance away from
the gain peak for the active material. Wavelength tuning by mechanically rotating the grating is discontinuous because of
the fixed longitudinal-mode frequency. Continuous frequency tuning within a longitudinal-mode spacing can be realized
by varying the cavity length and consequence frequency shift of the longitudinal mode. Also, by using grating external
cavity, the lasing wavelength can be stabilized against the change of injection current or device temperature.

One problem inherent in an external cavity system is that both the solitary laser and external cavity compete for
dominance. To eliminate this problem, the semiconductor laser should have the internal facet antireflection (AR) coated.
so that the external cavity has dominant influence on the lasing condition.

I
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I2. EXPERIMENT

I The laser material used in our experiment was a graded-index separate-confinement heterostructure (GRIN-SCH) with a
single quantum well, grown by metalorganic chemical vapor deposition (MOCVD ) at CHTM, UNM. The laser structure
is shown in Figure 1. In the lateral dimension the laser is purely gain guided. The finished laser diodes had a cavityI length of 500 p~m, and a stripe width of 100 in. The threshold of the laser diode was about 400 mA when first fabricated.
As mentioned previously, the front facet of the laser diode then was AR coated ( < 1% ) to increase the external cavity
coupling efficiency. The rear facet was high-reflection (HR) coated to improve single-ended power output. In addition to
producing high output power, such kind of wide stripe laser are advantageous due to their simple structure and easy to
fabrication.

In our experimental arrangement, a blazed grating having 1200 lines/mm was used in the second diffraction order for
optical feedback. The grating lines were aligned parallel to the epitaxial growth plane of the laser diode, hence the active
layer waveguide acts as the entrance slit of a monochromator in coupling the feedback into the diode. It is noted that the
external cavity is less effective when the grating lines are perpendicular to the growth plane in the case of wide stripe
lasers, although it works well for narrow stripe lasers. The length of the external cavity is about I meter.

The experimental setup which was used for tunable external cavity laser is depicted in Figure 2. The laser diode was
driven by a pulsed current source, with a pulse width of I lts and a repetition rate of 10 kHz. The optical spectra were
measured using a Spex 1704 grating monochromator, with a resolution of 0.5 A. Optical output power was monitored with
a Photodyne 44 XLA power meter. To take power measurements with and without optical feedback, a beam splitter was

* used to extract a portion of the beam from the external cavity and the cavity was blocked to eliminate feedback.

A simple mirror external cavity gave a maximum threshold reduction (to original threshold current) but the longitudinal
mode spectrum was broad and unstable. In Figure 3 we show typical laser diode spectra (a) without optical feed back , and
(b) with feedback from a conventional mirror. By contrast, when a 1200 line/mm diffraction grating was coupled so that
its rulings were parallel to the laser junction, the laser has a threshold of about 550 mA and operated up to at least 2.5 Ith

in a singlenarrow ( < 0.5 A. instrument limited) longitudinal mode. Figure 4 shows the optical spectra of the laser diode
I with feedback from a grating external cavity under the same operating condition as in Figure 3. This shows that grating

coupling of the laser diode produces a narrowing of the spectra by 2 to 3 orders of magnitude.

I Figure 5 shows the output power variation as the operating wavelength is changed by adjusting the tilt angle of the grating.
The spectra width is less than 0.5 A ( the instrument resolution limit ). The operating condition is same as before.

I Figure 6 shows the stability of the grating external cavity laser. The driving current varied, but the operating wavelength is
very stable and the spectra remains single longitudinal mode.

As the grating tilt angle is mechanically rotated, the operating wavelength of the laser can be tuned in a wide range. Figure
I 7 shows the tuning of the wavelength. The peak output power of the laser diode is about 550 mW. From Figure 7 we can

see that the tuning range is above 300 A, from 7770 to 8085 A. At either end of the tuning curve, the feedback from the
grating is insufficient to support lasing action.

In a seperate experiment, using the configuration shown in Figure 8, we use two grating external cavities simultaneously.
When the two gratings are tilted in such a way that they correspond to two lasing wavelengths and these two wavelengths
locate at opposite side of the peak of gain curve of the laser diode, it is possible to obtain a two-wavelength laser. Figure 9
shows the spectra of this two-grating external cavity laser. The separation between these two wavelengths can be adjusted
by two gratings. Also, one of the two gratings in the experiment arrangement can be replaced by a mirror, which will give
an improved power outpuL Such a device could be used in wavelength-division-multiplexing system and in optical
frequency mixing experiments.

2



Sei3. SUMMARY

To sununarize, using a grating external cavity, a high power, narrow linewidth semiconductor laser has been realized.Specifically, our external grating cavity laser has: 1) less than a 0.5 A linewidth single longitudinal mode, 2) greater than

300 A wavelength tuning range at a wavelength - 800 A, 3) more than 550 mW of optical power in pulsed mode, 4)
I excellent wavelength stability, and 5) the capability of two-wavelength operation.
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CTleeas i. TXM 77W, USAt with F., F, the average photon densities or the mode m, andCollge ladi% T 774J.USAthe injected light, respectively, taken over the effective volume

occupied by the transverse mode, G. the temporal modal
References gain, y the photon decay rate, f the intermodal spacing in the
I macmaMA , and LANG, L.: 'Effect on conduction-band nonpant. frequency domtajin. #,[ (w, - wil + #, - #gJ the relative

bolicity on quantized energy level of a quantum well, Appi. Phys. phase between the injected light with the phasor ca, t + #, and
Le4a, 19K6 49, pp. 456-4S7 the target mode with the phasor a,*r + #., rF the transverse.

2 ADAMH. : GaAs. Alxs and Al.Ga, -.As: Material properties for mode-dependent confinement factor, P. the spontaneous emis-
use in research and device applications'. J. Appl. Phys, W9. J& iton coupling factor,.It., the total spontaneous emission rate
pp. 114.29 per unit volume, p~, pa, the effective mode and the elective

3 HmooniMA, T. and rNa,. L: *Quantum confined Starkteffect in
graded-gap quantum weils. J. Appl. Phys. .9762. pp. 3360-3364 group index. respectively, w,. C). the angular frequencies of the
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trary potential profile', IEEE J. Quantwn Ekeciron., 1919 I& pp. due to external light injection. Although the second term on
889494 the right hand side of eqn. I representing the external inj'ec-

tion is similar to the one for peak-mode injection locking,' its
magnitude for the sidemode cae can be much larger due to
the pin curve rolloE. The pin function is assumed to vary
linearly with carrier concentration and parabolically with the
wavelength difference between the gin peak and the mode
under consideration.$

STABLE-LOCKING BANDWIDTH IN &qO5. I and 2 are complemented by the standard carrier-
SIDEMODE INJECTION LOCKED concentration rate equation. For strongly index-guided semi-

conductor laser structures the active-region lateral dimensions
SEMICONDUCTOR LASERS are often small compared to the diffusion length, and hence we

can neglec carrier diffusion effects.
lnxVtowm: Smkoductor lass Optoelecssnks, Laer Under steady-state conditions, eqns. I and 2 yield a detun-

*a law app&i~v wg relation. which in turn gives the following expression for
the possibl lockingrange

An analytical expressinor the possible sidemode locking
bandwidth. consistent with the formula for peak-mode inijec- -$1~ + d.1tt2 !5 - (f). + mi. " P (3)
tion locking is deuived. Small-sagnal analysis is then applied
to investigate the stable parn of the locking range. 7Ue results where p - fli#J4iXF,/F)1 and A1%. - I(&.,p.X6G.demonstrate that idemode injection locking offers relaxed -PalcedPae#
operational requirementis for frequency matching wit - rp8  /FJ Correspondingly, the possibelcedpae'
enhanced bandwidth, while retaining the traditional betifits is limited to - X/2 !5 #L~ !5 /2 - arctan a.,. The excess tempo-
of injection locking ral pin 6G. necssary for the injected mode to reach the

nominal threshold level y when the carrier density ns is at its
reference value a./ =- rn, requires more injected optical power

Ingroductious: An injection locking technique has been used to in sideinode injection than in the pin-peak-mode case, thus
improve or to control static and dynamic lasing character- leading to stronger damping. Larger values of F, required for
istics of semiconductor Insers; for various applications, includ- sidemode injection also result in larger p, enhancing the pos-
ing long-distance high-speed digital fibre transmission an aible locking range.
coherent communication systems. For example, singlemode
operation under highspeed modulation has been adhieved,t Nionericl smsdarion and discussion: The possible locking
spectral linewidth' and frequency chirping' have been range for the sidemode injection. given by en. 3. differs from

reduedand odeparitio nose as ben uppesse,' hus the conventional peak-mode-injection result by an extra fre-
enabling longer repeater spacings, and faster data rates in quency offset term A) due to an increasedl threshold pin
coherent communication sysems. However, a strong phase- deficit. Similarly to peak-mode injecio"' only a part of the
amplitude coupling in semiconductor lawnrs imposes; strin- possible locking range is dynamically stable. A simple and
gent operational requirements for stable locking and' imits the meaninrvul analytical expression for stable locking bandwidth
practical benefits of this technique. It is therefore important to is not obtainable.
examine whether these limitations can be reduced by choosing We therefore investigate the dynamical stability of
a target mode differrent from the free-running domina-at mode. injection-locked states by considering small fluctuations

Since the pioneering work of Goldberg; cc at.' who applied around the stationary solutions. After taking a Laplace trans-
the sidemode (intermodal) injection locking to measure the form of linearised rate equations containing only first-order
semiconductor laser pin spewta virtually no further research fluctuation terms, we determine the stability of the solutions
on this technique has been reported. We demonstrate that by examining the roots of the secular determinant.
sidmode injection locking deserves more attention because it A typical index-guided InGaAsPflnP lase etraitting at
enhances the stable locking rage. - 1.54#m wavelength with a 240om long Fabry-Ptrot cavity

is considered as an example. I I longitudinal modes are
Thwoy: The injection locking mass for various target modes included in the calculations. Longitudinal mode selection by
can be obtained from multimode rate equations describing external liht isjctioa is illustrated in Fi. 1. showing the
temporal evolution of photo. density for all modes and phase relative injection level required to maintain a constant mode-
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u~pmratio (hISI) G( 20.at. fxed driving current of Conckh: Sidemods injection locking of seoducor
a-21. wher 1,adeowotes te e-n-ning laserthreshold. banr has been analysed using multimode rate equations. An

The spectral dependence at the phase interval and the corrw.
sponding frequency bandwidth Inc stable locking are Mus- I
grated in Ftp. 2 and 3.7Uh bias and MSR conditions are the
eam as in Fig. I. Thbe stable locked-phaae interval is rather
niarrow except bir weal: relative injection into the 0 model
wher the boundary for stable locking extends down to - /2 0-
and the full locking range becomes dynamically stableO For I
strong injection required to achieve higher MSR values (say. ~

6.ntshown in the Figurce). the stable-phase interval tends Z
to expand gradually as the target mode moves away from the -'
pain peak. while the corresponding range for 0-mode injecton
shrinks to less than x/4. The latter is consistent with experi- a-
menu]l observations"e owing to nonzero a.. the zero phase c
is not located at the centre of the stable locked-phase interval. W
but sa lways witinthe interval.As shown in Fig, 3, the ,-2
frequency matching bandwidth for stable locking is increased
significantly when the target mode moves away from the tree.
running dominant mode, This result implies that better
locking and eased operational tolerances can be expected with -3 .. *

sidemode injecton locking technique. -6 -4 -2 0 2 4 6
injected mode number

10 FIg. 3 Stable frequency-kanine intervals for sanie optical injeflou
* Ucoliiosuasi Fig. 2

a Note that frequency range for stable 0-mode locking is small
despite wide ranje of permitted phases

10 6Sanalytical expression for the possible locking bandwidth hat
been obtained. Small-signal numerical study has revealed that

* * sidemode injection offers enhanced stable-locking bandwidth,
c thus relaxing operational requirements for frequency match.

g in. Equivalently, the modulation bandwidth can be increased
it by this technique, while retaining the traditional benefits of

injetion locking such as enhancing the field damping,
narrowing the spectral Iinewidt increasing modal stability,

al and reducing the dynamic frequency chirp during the direct
modulation.
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bandwidth and reaxation oscillations, ofan *Octioa-locked i detwc and displaty a sampled imag of the sigal, with a lean-
conductor laser IEEEJ . Quminm. Lismes. 1911, Q&-34 PP, po eouin iie *b the duessioo of the sampling

10 Wm0iK V., 014. K. ad ACOWK 4k: tacking 00oaditiam1 puIK anid the wa1k06 due to dispersion where at is considered.
and stability piropertie kor a semiconduct ow e with ezieral However, it should be poss iibetur through thie application
Not9 injctiom'. IEEE J. Quain. VEdaL. 198S. Q-21. pIL of dispersion flattened fibre in the loop or appropriate fibre
754-793 and wavelength selection to minimis the dispersive effiects.

Experis: A schematic diagram of the experimental
arrangement as shown in Fg 1. Thbe signal source was
obtained initially from a GaInAsP ridge waveguide semicon-
ductor laser, operating at 1-55pm gain switched at 100MHz:
to produce 2S0ps pulses, with an average power of l00jaW.
No attempt was made to opfimise the electronic drive charac-

PICOSECOND OPTICAL FIBRE SAMPLING teristics to obtain shorter optical pulses or to minimise eloctri-
OSCILLOSCOPE cal ringing on the drive signals, to investigate the sensitivity of

the measurement technique to the structured components so
gencratied.

Inkexing U0m: Opkielre*A Oslscopez.o Optikal mmr The probe (sampling) pulses were derived from a CW
ISOM pumped, mode-locked Nd: YAG lase, operating at 1-32pm

A~n optcal samplig oscilloscope baned amply on a dual producing 80ps pulses at a 100MHZ itetition rate. A con-
wavelengthi. stroboscopic switcN911 operation, in a nonlinear ventional optical fibre grazing pair compressor was used to
loop mior has been used to dirctly measure with P0086- generate probe pulses of 6ps; duration, allowing a maximum
coed resolution, the pulse gieered from a gain switched peak power of 160W in the nonlinear loop. Two frequency
semiconductor lase. The detected pulses were directly corn- synthesisers. driven from a common oscillator were used to
p" to those obtained with an electronically dvn. Optical provide the modulation to the lase systems. This ensured
samnpling osull@cope. highly stable fixed phase operation of the laser systems with a

variable and selectable pulse repetition frequency difference
4f~

Instroduction: over the past few years, the nonlinear fibre loop The signal and probe pulses were combined in a wavelength
mirror', has been sucessully introduced as the switching division multipler (WDM) and injected into the fibre loop
element, both for soliton and nonsoliton Pulses in variots mirror. This; consisted of a 10m length of dispersion shifted,
geometres." Probably one of the most important applica- nonpolairisation preserving, singlemode fibre spliceod between
tions or these devices is in dual wavelength operation,"01' two ports of a fibre coupler. The minimum dispersion of the
and its relevance to ultrafast, all optical demultplgxin&'2 This fibre was at 1-45^ laying between the signal and probe pulse
is especially so because operation has ""c ity been demon- wavelengths. so reducing the group delay between the two
strated using all semiconductor lase driving. in asoilot pulses and minimising the pus walkthrough which is a limi-
with long' (-kmn) fibre loop lengths." tation to the temporal resolution of the technique. At 1-55pam

The suocesfu demonstration of dual wavelength operation the coupler had a coupling ratio of a - 05 and a - 0-06 at
of the nonlinear loop mirror device has given rise to the ide 1-321~m The transmitted signals from the loop were incident
of an all optical, pulse sampling technique" which is concep- on a large area (I$min diameter) germanium detector and
tuafly similar to the original optical Kerr gate pulsewidth after amplificattion were displayed on a 20MHz bandwidth
measurement method."ssoaeosilsoe

The principle of operation" can be described by consider- strgociocpe
ing & simple nonlinear Sagnac loop mirror (see for example Resuihs ad discussion: Fig. 2 show& a low temporal resolution
Fig. I). constructed from a coupler which has a 3dD splitting mesrmn of a typical, gain-switched, semiconductor lase
ratio at the signal wavelength and is unbalanced at the sam- pulse train using the technique described abovs The pulses
piing wavelength. in the absence of the sampling pukses, the apea Mii apart, consistent with the 10Hz strobe fre-
loop acts simply as a Sagnac interferometer for th wa quency employed. With a greater temporal resolution. a repre
signal pulses an the transmission through the device as zero sentative sampled pulse profile is presented in Fig. 3. This
in the presence of the sampling pulses, because different inten-
sities of the sampling signal propagate in the dockwise and
anticlockwise directioes, the signal develops a phase mismatch
due to the crosacoupling term. If A lOng signal -us is
assumed, this phase difference only occurs for a time which is plrsto
eual to the duration of the sampling pulse ite. where they cnrle

temporally overlap, assuming no group velocity mismatch
effects are present. Consequently, on traversing the loop, that
part or the signa with the imposed phase difference will be
switched out with a duration equal to the sampling Pukse. If a
fixed frequency difference is introduced between the signal and

f rq.*fcy 1 SSWj. 250ps. 100 MHz *at Sa IS o

svnteisr gain-swi tched diode.S

compiressed Nd. YAG

f req aancy
synthesisor

ftg I seheutf &ew.w irexp'iovmd, arr-mm
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* Abstract

U Temporal response of side-mode injection-locked semiconductor lasers is studied

using a small signal analysis of multimode rate equations. The relaxation oscillation fre-

quency and the decay rate are shown to be sensitive to the choice of the injection target

mode. Modes with shorter wavelengths have higher relaxation frequencies due to their

larger differential gain. Maximum enhancement of the relaxation frequency occurs

within that group of target modes. The analysis, together with the previously predicted

3 enhancement of stable locking range, suggests feasibility of applying the side-mode in-

jection technique to increase the modulation bandwidth of semiconductor lasers and

hence the transmission speed in optical communication systems, while preserving the

usual benefits of injection locking,I
KEYWORDS: Semiconductor lasers, injection locking, relaxation frequency, side-mode

injection, optical communications

I
I
I
I
I
I
I
I
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§1. Introduction

Since the first demonstration by Kobayashi and Kimural,2) in 1980, injection lock-

3 ing technique has been widely used either to improve static and dynamic performance of

semiconductor lasers in general, such as single-mode operation under high-speed modu-

I lation3), reduction of spectral linewidth4) and frequency chirping. 6 ), and suppression of

mode partition noise7), or for specific applicationss - 10 ) as optical transmitter, repeaters,

or local oscillators in long-distance high-speed fiber communications and in coherent

transmission systems. This technique is expected to enhance the prospects for applica-

tions of semiconductor lasers in various fields. Unfortunately, due to a strong phase-am-

plitude coupling") in semiconductor lasers, a substantial part of the locking range is dy-

namically unstablel2,.1). The remaining stable locking range, shrinking with increasing

strength of the phase-amplitude coupling, is sometimes so small that it becomes very

difficult to achieve locking2,1s).

With very few exceptions14-17), virtually all work on injection locking of semicon-

ductor lasers, whether experimental or theoretical, focused on addressing the free-run-

ning dominant mode (gain-peak injection). Recently, we have shownis) that choosing a

side mode as injection target may result in an increased stable locking range and hence

I can be beneficial from the practical application point of view. In this letter, we show

that side-mode injection locking has also some other attractive features. In particular,

the i laxation oscillation frequency Y, can be adjusted in a manner similar to detuning a

distributed-feedback (DFB) laser from the gain-peak wavelength, since V, is related to

the wavelength-dependent differential gain. The frequency response of a directly modu-

lated diode laser usually peaks at v and rolls off sharply above this value. Increasing V,

therefore enhances the modulation frequency response, a result which is desirable for

such applications as optical communications, fast switching and ultrashort pulse genera-

tion.

-1"|i
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J2. Rate equation analysis

In order to investigate side-mode injection locking characteristics, we have devel-

oped a model based on multimode rate equations, including a phase equation for the in-

jected mode. Consideration of multimode effects is especially important when the target

mode is different from the free-running dominant mode. Assuming spatially uniform

distributions of the carrier concentration and photon density inside the active region, the

rate equations for any longitudinal mode 'm" and for the target mode "a" are.

i dFm

.= (Gin - "j) Fm + 2f (FmFI)'/2 cos oL 6a + m . (l)

dt

where Fm and Fi are the average photon densities of the mode "m and of the injected

light, respectively, both taken over the effective volume occupied by the transverse

mode. G. is the temporal modal gain of the mode "m', y is the photon decay rate, f is

the intermodal spacing in the frequency domain, h [ = (w, - wx)t + 4. - Oi] is the rela-

tive phase between the injected light with the phasor wxt + 01 and the target mode with

the phasor wt + 4., 1r is the transverse-mode-dependent confinement factor, Pm is the

spontaneous emission coupling factor, R3 p is the total spontaneous emission rate per unit

volume, p. and pg are the effective mode and the effective group index, respectively, w.

and f4 are the angular frequencies of the target mode and the cavity resonance, cr. is the

linewidth broadening factor for the mode "a, and AGa is the carrier-induced gain

change due to external light injection. With the second term on the right hand side of

Eq. (1) representing the external light injection, Eq. (1) is identical in its form to any

coherent model of peak-mode injection locking. However, the magnitude of that term

can be much larger for side-mode injection, due to the gain-curve roll off. The gain

I I
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function is assumed to vary linearly with carrier concentration and parabolically with the

wavelength difference between the gain peak and the mode under consideration9). The

carrier-concentration dependence of the refractive index is included via the linewidth

broadening factor. Nonlinear gain suppression effects, which may occur at high pumping

currents or at high optical injection, are also taken into account by incorporating a pho-

ton-density-dependent term in the gain function.

For strongly index-guided semiconductor laser structures where the active-region

lateral dimensions are often small compared to the diffusion length, carrier diffusion

effects can be neglected. The rate equation for the carrier concentration n in the active

region is

dn J n Gm
- = -- - E - F , (3)
dt d to m=an r

where J is the rate of carrier injection per unit area, d is the active layer thickness, and

r. is the carrier lifetime.

We investigate the stability of injection-locked states by considering small fluctua-

tions around the stationary solutions and examining if these perturbations are dynami-

I cally stable. After taking a Laplace transform of linearized rate equations containing

only first-order fluctuation terms, we find the roots h of the secular determinant and

confine our attention to the roots situated in the left half of the complex h plane. The

real part of h gives the decay constant Fr of the relaxation oscillation, with negative

values indicating an oscillatory approach to equilibrium, while the imaginary part deter-

j mines the relaxation oscillation frequency vr..

We have applied this procedure to a general multimode case as well as to a simple

single-mode approximation, assuming that single-mode operation has been reached by

lI ,!
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virtue of a sufficiently strong external light injection.I
An analytic solution for Pr can be obtained in the single-mode case by assuming a

zero locked phase. This assumption corresponds to the case of the most effective phase

locking, with the highest achievable mode suppression ratio (MSR). When the injected

mode is within a few longitudinal mode spacings away from the gain peak, the expres-

j sion for the relaxation oscillation frequency v, can be simplified considerably by retain-

ing the two dominant terms

I I F O.G.Ga f2Ft ) 1/2

I 2 r 4FE

i where Gan a dG,/dn represents the differential temporal modal gain of the injected tar-

get mode. Similarly, the decay rate r, can be expressed approximately as

r. = -f1 (FI/F.)112 . (5)

I The first term in Eq. (4) is similar to that for a solitary laser2"), except that all

quantities now refer to the injection-locked mode rather than the free-running mode.

The second term, whose magnitude may become comparable to the first one when the

target mode is sufficiently far away from the gain peak, represents the stabilizing effect

of injected light which tends to reduce Yr. It is clear that an increase in 'r can be ex-

pected only when the injected power necessary to reach a required level of mode sup-

pression is still sufficiently small to preserve the first term in Eq. (6) as dominant. This

limits the available spectral range to a few longitudinal mode spacings away from the

gain peak, where a relatively weak injection is sufficient to select the target mode. In

the latter case a simple approximation represented by the first term in Eq. (6) should

Igive a reasonably good estimate of Yr.

I
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Eq. (5) suggests that side-mode injection, which normally needs more injected

power to achieve a specific MSR than peak-mode injection, may lead more easily to

stable locking. This is consistent with our analysis of the stable locking range reported in

Ref. 18.

§3. Numerical results and discussion

To illustrate results of stability analysis, we consider a typical index-guided

InGaAsP laser emitting at 1.54 pm, with a 240 pm-long Fabry-Pdrot cavity. II modes

are included in the multimode calculations.

Longitudinal mode selection by external light injection is illustrated in Fig. 1,

showing the relative injection level required to maintain a constant MSR of 20, which

we regard as adequate for the single-mode approximation to hold. Negative mode num-

bers correspond to the long-wavelength side of the free-running spectrum. A constant

driving current density of 1.2Jth is assumed, where Jth denotes the free-running laser

threshold.

We have examined the wavelength dependence of the differential temporal modal

gain dG/dn and obtained a -25% variation at 5 mode spacings from the gain peak, with

a linear increase from the long-wavelength side to the short-wavelength side. The first

term in Eq. (4), illustrated by open diamonds in Fig. 2, is strongly dominated by this

variation. As expected, when both terms in Eq. (4) are included (illustrated by open cir-

cles in Fig. 2), additional bending towards lower resonance frequencies occurs at both

sides of the spectrum. Full multimode stability test results, indicated by solid circles in

Fig. 2, confirm that detuning the lasing mode towards the short-wavelength side

(increasing positive mode numbers) of the gain peak does increase the resonance fre-

quency. As shown in Fig. 2, at J - 1.2Jth the maximum enhancement of the relaxation

oscillation frequency is seen to occur when light is injected into mode +3. As illustrated
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in Fig. 3, further increase of Vr is possible at higher driving currents, when longitudinal

modes at even shorter wavelengths are targeted.

Our analysis shows that compared to full multimode stability test, single-mode rate

equation analysis slightly underestimates the relaxation frequency but gives correctly its

variation with wavelength, as long as the injected mode is within a few mode spacings

from the free-running dominant mode and the injection is strong enough. Further in-

crease of the injection level does not help in enhancing Y,, even though it does improve

the accuracy of the single-mode approximation.

Fig. 4 illustrates the decay rate of relaxation oscillations for various injected modes.

Again, the results of full multimode analysis (full circles) are compared with a single-

mode approximation (open circles) and a zero-locked-phase approximation of Eq. (5)

(open triangles). Increased damping with increasing distance from the gain-peak mode is

caused primarily by stronger injection required to maintain a fixed MSR.

§4. Conclusions

Side-mode injection locking of semiconductor lasers has been analyzed using mul-

timode rate equations. Particular attention was paid to the behavior of the relaxation os-

cillation frequency and the decay rate. Feasibility of side-mode injection locking as a

means of increasing the modulation frequency response of a semiconductor laser has

been suggested. An additional benefit is that the optical injection enhances the field

damping, thereby narrowing the spectral linewidth, increasing modal stability and re-

ducing the dynamic frequency chirp during direct modulation. The results of our analy-

sis are consistent with the enhancement of Y, observed in DFB lasers detuned to the

short-wavelength side of the material gain peak, and suggest a novel way to enhance the

relaxation oscillation frequency of a semiconductor laser by side-mode injection locking.
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Figure Captions

Fig. 1. Relative injection levels required to achieve a mode suppression ratio (MSR) of

20 for injection locking of various longitudinal modes with pumping current density

J - 1.2Jth. Negative mode numbers correspond to the longer-wavelength side of the

free-running spectrum.

Fig. 2. Relaxation oscillation frequency vr calculated for various injected target modes

with J - 1.2Jth and MSR - 20. Solid circles - multimode stability test; open circles -

single-mode approximation (Eq. 4); open diamonds - single-mode approximation with

neglected injection term.

Fig. 3. Injection current dependence of relaxation oscillation frequency Vr calculated for

various injected target with MSR - 20 and I - 1.2Jth (circles), J - 1.3Jth (triangles),

and J - 1.4 Jth (squares). Solid symbols - multimode stability test; open symbols -

single-mode approximation (Eq. 4). Note that the maximum enhancement of v, shifts

from mode +3 at J - 1.2Jth to mode +4 at J ? 1.3 Jth.

Fig. 4. Decay rate of relaxation oscillations rr calculated for various injected target

modes with J - 1.2 Jth and MSR - 20. Solid circles - multimode stability test; open

circles - single-mode approximation; open triangles - single-mode approximation with

zero locked phase [Eq. (5)].
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RELATIVE INJECTION LEVEL TO ACHIEVE MSR=20
FOR VARIOUS INJECTED MODES AT J=1.2Jfh
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I
NOVEL DISTRIBUTED-FEEDBACK STRUCTURE FOR SURFACE-EMITrING

SEMICONDUCTOR LASERS

I Mohammad Mahbobzadeh* and Marek Osliski*0

Center for High Technology Materials, University of New Mexico,
Albuquerque. New Mexico 87131-6081

IABSTRACT

I A novel distributed feedback structure for wavelength-resonant surface-emitting semi-
conductor lasers is proposed and demonstrated. Compared to earlier resonant-periodic-gain de-
vices, the total thickness of the new structure can be considerably smaller while retaining the
characteristic features of the resonant-periodic-gain active medium. Room-temperature cw and
pulsed operation of first distributed-feedback resonant-periodic-gain AIGaAs/GaAs/AIAs laser
is reported.

|. INTRODUCTION

I Surface-emitting semiconductor lasers are attracting considerable attention due to a wide
range of their potential applications. There have been several approaches (vertical resonators,
second-order grating coupling, and inclined mirrors) to achieve emission of the laser beam
through the top surface. Among these, vertical-cavity surface-emitting lasers (VC-SELs)1Us offer
distinct advantages of planar geometry, stable single-longitudinal-mode oscillation, and low-
divergence circular output beam. Small-area low-threshold-current lasers can be used in optical
computing and can be integrated with other optoelectronic devices to form part of monolithic
optoelectronic integrated circuits and optical interconnects. Their low beam divergence simpli-
fies the optics requirements and facilitates coupling into optical fibers. VC-SELs can also be
easily arranged in one- or two-dimensional arrays to form high-power sources with possible ap-
plications in free-space optical communications and in solid-state laser pumping.

Conventional VC-SELs suffer from low external efficiencies and consequently low output
powers. The primary reason for their poor performance lies in the competition between the de-
sirable vertical emission an, parasitic amplification of radiation emitted spontaneously in the
directions parallel to the substrate plane. In order to suppress the amplified spontaneous emis-
sion (ASE) in the transverse directions and reduce the lasing threshold, a resonant-periodic-gain
(RPG) structure has been proposed3 -6 . The RPG design takes advantage of the vertical geometry
of VC-SELs by aligning quantum-well active regions, spaced at half the wavelength of a se-
lected optical transition, with the maxima of the longitudinal mode pattern at the design wave-
length. This enhances the gain along the vertical direction at the design wavelength and dis-
criminates against the ASE parallel to the wafer surface. In addition, more efficient pumping is
achieved and excitation of regions adjacent to the nulls of the standing wave is eliminated. In
order to achieve low threshold, the RPG active region is normally sandwiched between two
,P.,!.ar high reflectors (MHR), thus forming a distributed-Bragg-reflector (DBR) cavity with

I * Also with the Department of Electrical and Computer Engineering, University of New
Mexico.

• Also with the Department of Physics and Astronomy, University of New Mexico.

I
'194 .0506-6/91/$4.00 SPlE Vol 1418 Laser Diode Technology, and Applications 11(1991) / 25



relatively large total thickness.

In this paper, we present a new distributed-feedback (DFB) structure for RPG lasers
which eliminates the need for end reflectors by interlacing the quarter-wave multilayer high
reflectors with the gain medium. This reduces considerably the total thickness of the device,
while retaining the characteristic features of the RPG active medium. We report on the first
implementation of the new concept, using an optically pumped MO-CVD grown wafer. Both cw
and pulsed operation is investigated. Preliminary results indicate that the new structure has
indeed potential for very high output power.

2. CONCEPT OF DISTRIBUTED-FEEDBACK RESONANT-PERIODIC-GAIN MEDIUM

The length of DBR-type structures is inherently greater than that of otherwise equivalent
DFB devices because the amplifying and feedback sections overlap in the latter structures. For
VC-SELs, the device length is of primary concern, since apart from issues of technological
complexity and cost it also affects the ability to pump the device uniformly. To reduce the
DBR-RPG device length, we have proposed7 that the RPG medium be converted into a DFB
section by replacing the half-wave spacers with alternating quarter-wave layers which would
provide reflectivity required for feedback. The resultant DFB-RPG structure is schematically
illustrated in Figs. I and 2. A vertical resonator with highly reflective mirrors is created by a
stack of alternating high- and low-refractive-index quarter-wave layers that form a DFB
medium (layers C and D of Fig. I, with refractive indices pC, PD). Within the DFB region, an
RPG active medium is interspersed, represented in Fig. I by thick lines A. Each element of the
RPG active medium can consist of a single quantum well or a group of coupled quantum wells
positioned in such a way that they coincide with the antinodes of the standing wave at the de-
signed wavelength of operation. This wavelength corresponds to a particular optical transition in
the quantum well. The elements of the embedding DFB medium form spacers between active
regions. One of the spacers, composed entirely of the high-index material B, serves as a phase
shifter to satisfy the roundtrip phase matching condition.

In the following, we will describe particular design that was used to grow the first DFB-
RPG AIGaAs/GaAs/AIAs wafer and report on initial results of cw and pulsed optical pumping
of that prototype device.

3. PROTOTYPE DISTRIBUTED-FEEDBACK RESONANT-PERIODIC-GAIN LASER
STRUCTURE

A prototype AIGaAs/GaAs/AIAs DFB-RPG VC-SEL sample was designed to operate at
n - 1 subband transition in the quantum well. The active region consists of a stack of 10-nm
thick GaAs single quantum wells separated by half-wave passive spacers. Except for a phase
shifter in the central part of the structure, every spacer comprises two layers of AlAs (63.4-nm
thick) and Alo.usGao.s5As (54.3 nm), each having an optical thickness of approximately a quarter
of the design wavelength A, - 840.4 nm. The refractive indices for GaAs, Alo.isGao.ssAs, and
AlAs were taken as 3.60, 3.50, and 3.00, respectively.$ The lower and upper portions of the
structure are separated by an Alo.1sGao.asAs phase shifter with optical thickness of ap-
proximately Xr/ 2 . The whole structure contains 42.5 periods, of which 24 periods, counting from
the center of the phase shifter, are at the bottom (i.e., at the GaAs substrate side) and 18.5 pe-
riods are at the top. The output light is collected through the top surface. Since no quantum
well is adjacent to the very first quarter-wave layer located at the top surface, the Al content in
this layer is increased to 20% in order to avoid undesirable absorption of the pump light. The
thickness of that layer is 59.9 nm, corresponding to the refractive index of 3.47.8
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The total thickness of the structure described above, including the quantum-well layers, is
approximately 5.42 pmn. For the sake of comparison, a DBR-RPG laser with the same cumula-
tive thickness of the active medium and the same reflectivities of multilayer reflectors would be
almost two times thicker (10.55 pm) than the DFB-RPG structure.

Figs. 3(a) and 3(b) illustrate cavity reflectivity and gain spectra calculated for the DFB-
RPG structure described above and for an equivalent RPG device with Bragg reflectors. The
method of calculation follows a standard approach for periodic stratified media9. The transfer
matrix for the structure is simplified by noting that products of identical unimodular matrices
can be calculated analytically. Calculated reflectivities of the lower and upper reflectors are
99.76% and 99.56%, respectively. The most remarkable difference between the two structures is
the absence of any side modes within the high-reflectivity band of the DFB-RPG laser. This is
a direct consequence of shorter cavity length. Strong enhancement of gain at the resonance
illustrates excellent wavelength selectivity of our structure.

In the process of designing the DFB-RPG structure, we used the reflectivity calculations to
check for the wavelength of resonant mode. When the total optical thickness of a single period,
consisting of a quantum well and an AIAs/Alo.isGao.ssAs "half-wave spacer, was chosen to be
exactly equal to half of the design wavelength taken as 840.4 nm, the calculated resonant wave-
length was longer (-848 nm) than the design wavelength. We attribute this shift of resonant
wavelength to a phase-disturbing effect of quantum well layers. In order to correct for this
shift, we have slightly reduced thicknesses of all spacer layers, thus bringing the resonance back
to 840.4 nm.

4. EXPERIMENTAL RESULTS

The MOCVD-grown prototype structure described in previous section was optically
pumped through the top mirror. The as-grown wafer was mounted in a holder, without any
provision fot heat-sinking. In order to enhance pumping efficiency, pumping wavelengths of
735-740 nm was selected. The corresponding photon energies of 1.68-1.69 eV are larger than
the bandgap of Alo.isGao.ssAs spacers (1.63 eV)10 but smaller than the bandgap of the cap
Alo.2Gao.sAs layer (1.70 eV).20 Hence, the pumping light was absorbed in AlojisGao.ssAs
spacers, generating free carriers which subsequently could fall into quantum well GaAs active
regions. This indirect pumping combined with absorption in quantum wells results in an im-
proved pumping efficiency.

Since no heat sink was used, we anticipated that iw output power would be seriously
limited by thermal effects. Therefore, with the aim of determining the potential of DFB-RPG
lasers for h:th-power operation, we performed both pulsed and cw input/output measurements.

The experimental arrangement used for measurements of the pulsed input/output charac-
teristics is shown schematically in Fig. 4. For pumping the DFB-RPG structure through the top
surface, we used a dye laser (Quanta-Ray PDL-1, 230 pJ single-pulse energy), pumped by a
Nd:YAG laser (Quanta-Ray DCR-2). The dye laser emitted 7 ns pulses at 10 Hz repetition rate,
and was tuned to 735 nm wavelength. The pump beam power could be altered gradually by ad-
justing a variable neutral-density (ND) attenuator. A high-transmission, low-reflection (90/10)
beam splitter BS allowed a direct measurement of the input power by reading the transmitted
part of the pump power and multiplying it by a calibration factor that converted the transmitted
power into the input power. A calibrated Gentec photodetector was used for this purpose. A
calibrated dichroic beam splitter DBS was used to redirect the pump beam on its path towards
the sample and to separate the reflected portion of the pump beam from the DFB-RPG output.
Additional calibrated ND filter was inserted between the beam splitters BS and DBS to further
attenuate the pump beam. A l0x microscope objective served a dual purpose of focusing the
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pump beam and collimating the output. The DFB-RPG output power was measured using a Si
photodetector calibrated to give the single-pulse output energy. Residual reflected pump beam
was eliminated by an interference filter placed between the beam splitter DBS and the Si
detector.

The experimental setup for cw measurements was essentially similar to that shown in Fig.
4. A dye laser (Coherent CR-599, 200 mW) operating at 740-nm wavelength, pumped by cw
argon-ion laser (Spectra Physics Series 2000), was used as a pump source. The beam splitter BS
was replaced by another beam splitter having low transmission (10%) and high reflection (90%),
and no detector was placed behind BS. Calibrated power meters were employed to measure
pumping and output power just prior to microscope objective and just after the interference
filter, respectively. Spectral measurements were performed by coupling the DFB-RPG laser
output into a high-resolution spectrometer by means of an optical fiber placed in a position of
Si detector in Fig. 4. Appropriate interference filters were used between the beam splitter DBS
and the fiber to select either pump signal or DFB-RPG output.

Fig. 5 shows a typical input/output characteristic for room-temperature cw pumping. The
pump power values have been corrected for measured reflection from the surface (-32%) and
calculated transmission (8%) through the DFB-RPG section. The lasing threshold for 10-pm spot
size is -60 mW, with top-surface output power efficiency of 9.3%, and differential quantum
efficiency exceeding 80%. The maximum output of 6.7 mW is obviously limited by heating
effects.

The output spectra centered at -878 nm were rather broad (0.8 nm) with a complex struc-
ture indicating multiple transverse mode operation. Further work on improving the design with
the goal of reducing the spectral width is in progress.

An input/output characteristic under pulsed pumping conditions is shown in Fig. 6. The
output power of 8.5 W over 7 ns pulsewidth with power conversion efficiency of 10.5% is ob-
tained. To our best knowledge, this is the highest peak power ever reported for VC-SEL de-
vices. These data are preliminary and at this time a reliable estimate of maximum power density
cannot be given. This is due to the fact that the beam was defocused slightly in order to maxi-
mize the output power and therefore the spot size is not exactly known. Further experiments are
underway to determine the actual spot size. However, the several orders of magnitude difference
between the pulsed and cw maximum output power density is a clear indication that easing the
heating problems by employing efficient heat sinking should lead to significantly higher cw
output power.

5. CONCLUSIONS

A novel DFB-RPG structure for vertical-cavity surface-emitting lasers has been proposed
and demonstrated. Compared to recently developed DBR-RPG structures, a reduction in the
total thickness of the device by almost a factor of two is achieved by eliminating the end re-
flectors and by interlacing the quarter-wave multilayer high reflectors with the RPG medium.
The DFB-RPG devices offer the advantages of considerably simpler fabrication process, im-
proved wavelength selectivity, and strong discrimination against excitation of secondary longitu-
dinal modes. Preliminary data obtained on optically pumped bare wafer sample without any heat
sink indicate that very high output power should be possible. 6.7 mW cw and 8.5 W pulsed
output power was measured.
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HIGH-POWER OPERATION OF DISTRIBUTED-FEEDBACK RESONANT-PERIODIC-GAIN
SURFACE-EMITTING LASERS

Mohammad Mahbobzadeh*, Emmanuelle Gandjbakhch**, and Marek Oslfiskl***

Center for High Technology Materials. University of New Mexico
Albuquerque, New Mexico 87131-6081

ABSTRACT

An experimental study of a prototype optically-pumped distributed-feedback resonant-pe-
riodic-gain vertical-cavity surface-emitting laser (DFB-RPG VCSEL) is reported. Both cw and
pulsed conditions are investigated. The results obtained on bare wafer samples without any heat
sink indicate that very high output power should be possible. Thermally limited cw output
power of 6.7 mW cw was obtained with 10-pm diameter of the pumping beam. Under pulsed
conditions, the output power of 8.5 W over 7 ns pulsewidth with power conversion efficiency of
10.5% was achieved. To our best knowledge, this is the highest peak power density ever re-
ported for any semiconductor laser.

1. INTRODUCTION

Spectacular progress in vertical-cavity surface-emitting lasers (VCSELs) brought forth a
variety of novel device structures. Most of these structures take advantage of the unique op-
portunities offered by the vertical-cavity configuration, in which the lasing modes propagate in
the direction perpendicular to interfaces between layers of constituent semiconducting materials.
This situation contrasts with that of conventional edge-emitting semiconductor lasers, where the
lasing light propagates in the direction parallel to interfaces between the active region and the
cladding layers. An excited lasing mode can be visualized as a standing electromagnetic wave.
At any particular wavelength, only the regions in the vicinity of standing-wave maxima can
provide gain required to sustain lasing oscillations, while pumping of regions near the nodes
provides gain for competing longitudinal modes. If the resonator supports only one mode (for
example, in single-mode distributed-feedback edge-emitting lasers), the carriers injected into
the nodal regions can take part in stimulated recombination transitions only if they first diffuse
towards the antinodes. The uniform pumping, typical for edge-emitting lasers, is therefore suf-
fering from the lack of matching between the longitudinal distribution of injected carriers and
the intensity distribution of optical field.

In this paper, we report on high-power operation of optically pumped distributed-feedback
resonant-periodic-gain (DFB-RPG) lasers. Recently developed surface-emitting laser structures
utilizing vertical-cavity configuration for improved pumping efficiency are discussed in Section
2. In Section 3, we briefly comment on early DFB VCSEL designs, to introduce the reader to
DFB-RPG VCSELs in Section 4. In Section 5, we give a detailed account of our experiments on
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cw and pulsed optical pumping of a prototype MOCVD-grown DFB-RPG sample. In particular,
we have observed a record-high pulsed output power density.

2. WAVELENGTH-RESONANT VCSEL STRUCTURES

Conventional VCSELs with bulk (double-heterostructure, DH) active regions suffer from
high threshold, low external efficiency, and low output power [Iga 1988]. The primary reason
for their poor performance lies in the competition between the desirable vertical emission and
parasitic amplification of radiation emitted spontaneously in the directions parallel or vicinal to
the substrate plane.

It has been recognized that when a VCSEL optical cavity is carefully designed, such that a
quantum-well active region would coincide with a standing-wave maximum at a designed
wavelength of operation, more efficient pumping can be achieved compared to a medium with
uniform gain [Geels 1988], [Raja 1988], [Brueck 1989]. The effect is obviously wavelength-sen-
sitive, since at non-resonant wavelengths the gain drops down. Application of this concept to
multiple active regions lead to introduction of distributed-Bragg-reflector resonant-periodic-
gain (DBR-RPG) lasers [Raja 1989], [Corzine 1989a]. The multiple active regions in a DBR-
RPG structure, illustrated schematically in Fig. 1, are separated by half-wave spacers and sand-
wiched between two multilayer high reflectors. The device features an enhanced gain along the
resonator axis (by up to a factor of 2 compared to a uniformly pumped medium), improved
wavelength selectivity, and reduced amplified spontaneous emission (ASE). Discrimination
against ASE is caused mainly by anisotropy of the RPG medium. It can be expected that the
increased number of active layers should result in boosting the optical output power. However,
it is also more difficult to pump electrically VCSELs with multiple active regions, and optical
pumping has been routinely used to excite DBR-RPG lasers [Gourley 1989], [Corzine 1989b],
[McDaniel 1990]. Transverse-junction scheme is the most promising method for electrical
pumping, but to date only limited success has been reported [Schaus 1991]. In addition to dif-
ficulties with electrical pumping, large total thickness of epitaxial material (typically 8-10 pm
[Schaus 19891, [Mukherjee 19901) renders the DBR-RPG structure ill suited for monolithic inte-
gration.

It is significantly easier to achieve electrical pumping in a DBR VCSEL with only a single
active region satisfying the resonant gain condition, often referred to as a microlaser [Jewell
1989]. [Jewell 1990]. The microlaser resonator, shown schematically in Fig. 2, preserves the
characteristic features of the RPG medium. While the microlaser structure has been very effec-
tive in reducing the room-temperature cw threshold and is clearly dominating present designs of
electrically-pumped VCSELs [Osinski 1991], its performance in terms of maximum output
power has not at all been impressive. The highest reported room-temperature cw output power
from GaAs/AIGaAs planar microlasers is 1.5 mW for 10-pm diameter devices with a four-
quantum-well active region, and slightly over 3 mW for 30-pm diameter devices [Tell 1990].
The most recent results obtained for InGaAs/GaAs/AIGaAs microlasers with strained-quantum-
well active regions, grown by phase-locked epitaxy, are 3 mW for 15-prm square devices, -5.5
mW for 30-pm square, 9 mW for 45-pam square, and 10 mW for 85-pm square [Walker 1991].

3. DISTRIBUTED-FEEDBACK VCSEL STRUCTURE

DFB configuration has been realized in the past in the context of conventional VCSELS
[Ogura 1984], [Ogura 19851, [Ogura 1987a], [Ogura 1987b]. The DFB structure, shown schemat-
ically in Fig. 3, consists of a stack of alternating quarter-wavelength layers of high-index low-
bandgap material (for example, GaAs) constituting the active region, and of low-index high-
bandgap material (AIGaAs), providing reflectivity in the DFB cavity. One half-wavelength layer
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in the central part of the structure provides a phase-shift necessary to select a desired DFB
mode.

A modified version of DFB VCSEL, utilizing a higher gain coefficient of quantum-well
material, was proposed by Nomura et al. [Nomura 1987]. The high-index bulk quarter-wave
layers have been replaced with multiple GaAs/AIGaAs quantum wells, with the Al composition
in the barriers smaller than that in the low-index quarter-wave layers.

Lasing action in bulk and MQW DFB VCSELs was demonstrated both by optical pumping
and by lateral current injection. However, since no attempt was made to arrange the quantum
wells in register with the standing wave pattern inside the resonator, the performance of DFB
VCSELs was at best similar to that of conventional DH VCSELs.

4. DISTRIBUTED-FEEDBACK RESONANT-PERIODIC-GAIN VCSEL STRUCTURE

The most recent advance in RPG laser structures is a distributed-feedback resonant-peri-
odic-gain (DFB-RPG) VCSEL [Mahbobzadeh 1990], shown schematically in Fig. 4. By interlac-
ing the RPG active medium with the quarter-wave multilayer high reflectors, the structure
combines features of RPG, microlaser, and DFB designs. In particular, the effective cavity
length is comparable to that of a microlaser. Consequently, the structure favors only one longi-
tudinal mode within the entire gain spectrum.

The prototype MOCVD-grown DFB-RPG sample has been described in detail in
[Mahbobzadeh 19911. Here, we only give the most essential device parameters. The whole
structure contains 42.5 half-wave periods, of which 24 periods, counting from the center of the
phase shifter C, are at the bottom (i.e., at the GaAs substrate side) and 18.5 periods are at the
top. The layer thicknesses are, respectively, 63.4 nm for a low-index quarter-wave AlAs layer
D, 54.3 nm for an intermediate index Alo. 1sGao.s5As layer B, and 10 nm for an active GaAs
single-quantum well layer A. The total number of quantum wells is 42. The quarter-wave layer
located at the top surface is made transparent to the pumping light (.X = 740 nm) by increasing
the Al content to 20% (not shown in Fig. 4), with the thickness adjusted to 59.9 nm.

For RPG VCSELs, the total device thickness is of primary concern, since apart from issues
of technological complexity and cost it also affects the ability to pump uniformly the active re-
gions. As mentioned in Section 2, the total thickness of DBR-RPG structures is significantly
larger than that of the microlaser. By replacing the DBR-RPG design with DFB-RPG, the total
thickness of the device can be almost halved without compromising the characteristic features of
the RPG active medium, to reach essentially the same thickness as the microlaser. Specifically,
t!e total thickness of the prototype structure is 5.42 pm. An equivalent DBR-RPG device, hav-
ing the same number of single quantum wells and the same reflectivities of top and bottom re-
flectors (99.56% and 99.7%) would be -10.47-psm thick. Thus, compared to DBR-RPG struc-
tures, the DFB-RPG design offers the advantages of considerably simpler fabrication process,
improved wavelength selectivity, and strong discrimination against excitation of satellite longi-
tudinal modes.

5. OPTICAL PUMPING EXPERIMENTS

The prototype DFB-RPG sample was optically pumped both cw and pulsed through the top
mirror. The pumping wavelength of 740 nm was selected in order to pump both Alo.1sGae.uAs
spacers and GaAs quantum-well active regions for a better pumping efficiency. In this way
carriers generated within the Alo.1sGao.sAs spacers can in turn fall into the quantum-well ac-
tive regions. This results in a higher pump absorption and, consequently, a higher pumping ef-
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The beam splitter BSl had high transmission and low reflection. This allowed a direct estimate
of the input power by measuring the transmitted part of the pump power and multiplying it by

a calibration factor that converted the transmitted power into the input power. A calibrated
Gentec power meter was used for this purpose. The output power was measured using a Si de-

tector calibrated to give the output energy. A calibrated dichroic beam splitter BS2 was used to
pump the sample and at the same time to couple out the output beam. Additional calibrated ND
filters, not shown in Fig. 5, were used next to the beam splitter BS2 to further attenuate the
pump beam. The pump beam was focused using a l0x microscope objective. The microscope
objective served for a dual purpose of focusing the pump beam and collimating the output. Ap-
propriate interference filters were used to select pump or DFB-RPG output. The studied sample
was simply placed in holder, without any provision for heat sinking.

A similar arrangement was used to perform the cw input/output measurements. A cw-dye
laser operating at the 740-nm wavelength was used as a pump source. For the cw measurements,
the beam splitter BSI was replaced with another beam splitter having low transmission and high
reflection. Rather than measuring the pump beam power after its passage through BSI, cali-
brated power meters were employed to measure the power of the input pump beam and the
output just prior to microscope objective and just after the interference filter, respectively.

Fig. 6 shows a typical input/output characteristics for cw room-temperature pumping. The
pump power has been corrected for measured surface-reflection (-30%) and calculated trans-

mission (8%) through the substrate. Estimated threshold is -60 mW with output power efficiency



of 10% (single ended), and differential quantum efficiency exceeding 80% per facet. The roll-
off of the output power at high input powers is caused by heating effects. This is confirmed by
the absence of any such roll-off for pulsed operation. Undoubtedly, thermal problems will be
alleviated by placing the wafer on a heat sink.

The maximum measured peak pulsed output power reported in [Mahbobzadeh 1991) was
8.5 W. In order to determine the corresponding output power density, the following method of
lasing spot-size measurement was adopted. The lens L2 (see Fig. 5) was used to image the sam-
ple into a CCD camera. The combination of the lens L2 and the objective is equivalent to a
microscope. In order to calibrate the video and/or the scop t 'gainst the translation of the sam-
ple, we used the lense LI to expand the pump beam so th-.. a sarge. Area of the sample could be
illuminated. By using a defect or dust spot, or another charact, ristic feature on the sample sur-
face, we could perform the calibration. To this aim, the sample was translated in a transverse
direction by a known distance as measured by a micrometer, while n. g on the screen/scope

by m on
the movement of the defect spot. Translation should only be don. in ransverse directions to
ensure that the spot size does not change during the calibration phase. The lense L I was then

removed so that the camera was recording the actual size of the pumped spot. By having the
calibration factor and noting the spot size as seen on the screen/scope, the spot size could be
calculated.

I Using the method described, we were able to determine the diameter of the lasing spot as
-16 pm. Fig. 7 shows the input/output characteristic for the pulsed conditions (7 ns pulsewidth,
10 Hz repetition rate). The efficiency of conversion of the estimated absorbed pump power into
the lasing output emitted through the top surface was -10%. Using the measured lasing spot
size, the maximum peak output power of 8.5 W corresponds to -4.5 MW/cm 2 . To our knowl-
edge, this is the highest power density ever reported for any semiconductor laser. It is approxi-
mately one order of magnitude higher than the maximum power density obtained from DBR-
RPG lasers under similar pumping conditions [Wu 1991].

6. CONCLUSIONS

Distributed- feedback resonant- periodic-gain laser structure is very promising for high-
power applications. While the total device thickness is comparable to that of a microlaser, a
multiplicity of active layers in the DFB-RPG structure results in a record-high pulsed output
power. Preliminary data obtained on optically pumped bare wafer DFB-RPG samples without
any heat sinking illustrate a tremendous potential of these devices. Under cw conditions, ther-
mally limited output power of 6.7 mW was obtained with 10-pm diameter of the pumping
beam. The same device, when pumped by 7 ns pulses with 10 Hz repetition rate, produced as
much as 8.5 W of the peak output power out of a 16-pm diameter lasing spot. The correspond-
ing output power density was 4.5 MW/cm 2 . To our best knowledge, this is the highest peak

power density ever reported for semiconductor lasers.
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ABSTRACT

Fabrication and lasing characteristics of prototype MOCVD-grown GaAs/AlGaAs/AlAs
distributed-feedback resonant-periodic-gain surface-emitting lasers are reported. The new
structure eliminates the need for end reflectors in earlier resonant-periodic-gain lasers, thereby
reducing considerably the total thickness of the device. A new hybrid distributed-Bragg-reflec-
tor/distributed-feedback resonant-periodic-gain structure, compatible with the transverse-
junction electrical pumping scheme, is also proposed.

1. INTRODUCTION

Surface-emitting semiconductor lasers are very attractive for applications in optical com-
puting, coherent communications, high-power two-dimensional arrays and integrated opto-
electronics. Early designs of VCSELs with bulk active regions suffered, however, from low ex-
ternal efficiency and consequently low output power [lga 1988]. The primary reason for their
poor performance was the competition between the desirable vertical emission and parasitic am-
plified spontaneous emission (ASE) in the transverse directions. In order to reduce the lasing
threshold and suppress the ASE, two concepts of VCSELs with quantum-well (QW) active re-
gions have been pursued in parallel: a distributed-Bragg-reflector resonant-periodic-gain (DBR-
RPG) structure, with multiple active layers spaced at half the wavelength of a selected optical
transiiion [Raja 19891, [Corzine 1989], [Schaus 1989a], and a microlaser structure [Jewell 19891,
[Jeweil 1990], with a single QW placed in a Bragg resonator. Both designs achieve gain en-
hancement in the vertical direction by aligning the active regions with the maxima of the lon-
gitudinal mode pattern at the emission wavelength. The most recent advance in RPG laser
structures is a distributed-feedback resonant-periodic-gain (DFB-RPG) VCSEL [Mahbobzadeh
1990], where an RPG active region is intercalated with the multilayer high reflectors (MHRs).
The new design eliminates the need for end reflectors in previous RPG structures and reduces
the total thickness of the device, while retaining the characteristic features of RPG medium
(gain enhancement in vertical direction, wavelength selectivity, ASE suppression, etc.).

In this paper, we describe fabrication of the first DFB-RPG laser structures grown by
MOCVD and their performance under optical pumping conditions. Various versions of the RPG
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structure design utilizing vertical-cavity configuration are discussed in Section 2. In Section 3,
we describe the crystal growth and calibration process. Experimental results on quasi-cw and
pulsed optical pumping of the prototype samples are given in Section 4.

2. CLASSIFICATION OF RPG VCSEL STRUCTURES

A characteristic feature of VCSELs that distinguishes them from edge-emitting semicon-
ductor lasers is their small single-pass gain, reminiscent of gas lasers. As a direct consequence of
small gain, in order to avoid prohibitively high lasing threshold it is necessary to place the ac-
tive medium in a high-Q resonator. In today's state-of-the-art VCSELs, this is almost invariably
achieved by providing a Bragg resonator consisting of a stack of high-reflectivity quarter-wave
layers on either side of the active medium.

The vertical-stack geometry of VCSELs offers unique opportunities for designing novel
devices with properties significantly different from those of conventional edge-emitting lasers.
When a VCSEL optical cavity is carefully designed, such that a quantum-well active region
would coincide with a standing-wave maximum at a designed wavelength of operation, more
efficient pumping can be achieved compared to a medium with uniform gain [Geels 1988],
[Raja 1988], [Brueck 1989]. The effect is wavelength-sensitive, and at non-resonant wavelengths
the gain drops down to its bulk level. Application of this concept to multiple active regions lead
to introduction of distributed-Bragg-reflector resonant-periodic-gain (DBR-RPG) lasers [Raja
1989], [Corzine 1989a], illustrated schematically in Fig. 1. The multiple active regions in a
DBR-RPG structure are separated by half-wave spacers and sandwiched between two multilayer
high reflectors. In devices designed for optical pumping, which is the standard excitation
method in RPG VCSELs [Gourley 1989a], [Corzine 1989], [McDaniel 1990], the Bragg reflectors
are transparent to a pumping wavelength while the spacers (regions B in Fig. 1) are absorbing.
The output light is normally collected through the top reflector, although in devices with
strained-quantum-well active regions [Gourley 1989b] the bottom reflector may be used to
transmit light through the substrate. The device features an enhanced gain along the resonator
axis (by up to a factor of 2 compared to a uniformly pumped medium), improved wavelength
selectivity, and reduced amplified spontaneous emission (ASE). Discrimination against ASE is
caused mainly by anisotropy of the RPG medium which counteracts the unfavorable aspect ratio
for vertical emission in double-heterostructure lasers.

Optically pumped bare DBR-RPG wafers without any heat sink exhibited very good per-
formance with up to 45% power conversion efficiency and over 20 mW of cw output power out
of -18-pum diameter near-field spot size [Schaus 1989b], [Schaus 1989c]. However, large total
thickness of epitaxial material (typically 8-10 pm [Schaus 1989a], [Mukherjee 1990J) renders the
DBR-RPG structure rather costly and ill-suited for monolithic integration.

A hybrid DBR/DFB structure, illustrated in Fig. 2, was introduced in [Schaus 1989a]. The
active (DFB-RPG) section consisted of GaAs quantum wells intercalated with AIGaAs/AIAs
multilayer reflectors and was surrounded on both ends by DBR reflectors. Again, the Bragg re-
flectors are transparent to pumping wavelength while the AIGaAs layers adjacent to quantum
wells are absorbing. Due to practical difficulties in matching the resonant wavelength in the
DFB region with that in the DBR reflectors, this device did not perform nearly as well (in fact,
only pulsed operation was possible) as the DBR-RPG lasers.

The most recent advance in RPG laser structures is a distributed-feedback resonant-peri-
odic-gain (DFB-RPG) VCSEL [Mahbobzadeh 1990] (Fig. 3), where DBR reflectors are entirely
eliminated. In order to avoid unwanted absorption of pump radiation at the top quarter-wave
layer, the composition of that layer (layer C in Fig. 3) is altered to slightly increase its bandgap
compared to the remaining intermediate index layers (layers B in Fig. 3).
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For RPG VCSELs, the total device thickness is of primary concern, since apart from issues
of technological complexity and cost it also affects the ability to pump uniformly the active re-
gions. By replacing the DBR-RPG design with DFB-RPG, the total thickness of the device can
be almost halved without compromising the characteristic features of RPG active medium, to
reach essentially the same thickness as the microlaser. Compared to DBR-RPG structures, the
DFB-RPG design offers the advantages of considerably simpler fabrication process, improved
wavelength selectivity, and strong discrimination against excitation of satellite longitudinal
modes. It is, however, somewhat more demanding than the DBR-RPG structure when tolerances
on layer thicknesses and compositions are considered. Since the DBR section in a DBR-RPG
VCSEL is entirely passive, the tolerances in that section are not as stringent as in the active part
of the device [Brueck 1989].

Another hybrid DFB/DBR design, presented for the first time in this paper, is shown in
Fig. 4. We consider this structure as a prime candidate for electrically pumped RPG lasers. RPG
VCSELs are notoriously difficult to pump electrically. The usual vertical current injection
scheme, applied commonly in microlasers, is impractical in case of RPG lasers due to pro-
hibitively high electrical resistance and lack of control over the uniformity of carrier injection
over the entire thickness of the device. Transverse-junction scheme is the most promising
method for electrical pumping, but to date only limited success has been reported [Schaus 1991].
Compared to the structures shown in Figs. 1-3, the DFB/DBR design of Fig. 4 has the advan-
tage of an easy access to the active section (no need to bypass the top DBR reflector present in
Figs. 1, 2) and a shorter depth of lateral contacts.

3. FABRICATION OF DFB-RPG VCSEL STRUCTURES BY MOCVD

Nominal compositions and layer thicknesses of DFB-RPG and DFB/DBR RPG VCSELs of
Figs. 3 and 4 are shown schematically in Fig. 5. It should be emphasized that the structures il-
lustrated in Fig. 5 only served as a guideline for fabricating the actual devices. In practice, a
multiple-step calibration process is needed to satisfy the condition that the resonant wavelength
should be close to the photoluminescence peak. The calibration procedure is described in a later
part of this section.

During the design process, we used reflectivity calculations to ensure that the wavelength
of resonant mode coincides with the optical transition wavelength corresponding to n - I sub-
band transition in the quantum well [Mahbobzadeh 1991]. The design wavelength was taken as
.X - 840.4 nm. The refractive indices for GaAs, Alo.1sGao.ssAs, AIo.25Gao.7 5As, and AlAs were
taken as 3.60, 3.50, 3.45, and 3.00, respectively [Weber 1990]. It should be noted that the total
optical thickness of a single period in the active (DFB) region, consisting of a quantum well and
an AlAs/Alo.1sGao.ssAs "half-wave" spacer, is slightly smaller than the resonant wavelength.

The DFB-RPG structure consists of a stack of 10-nm thick GaAs single quantum wells
sandwiched between AlAs and Alo.1sGao.ssAs layers, each slightly thinner than a quarter-wave.
The whole structure, topped by a transparent AIo.2sGao.7sAs quarter-wave layer, contains 42.5
periods, of which 24 periods, counting from the center of the phase shifter, are at the GaAs
substrate side, and 18.5 periods are at the top. The total number of quantum wells is 42. Calcu-
lated reflectivities of the lower and upper reflectors, separated by a half-wave Alo.1sGaO.ssAs
phase shifter, are 99.76% and 99.56%, respectively.

The top section of the DFB/DBR RPG structure is identical to that of the DFB-RPG de-
vice. The bottom Bragg reflector consists of a stack of alternating quarter-wave layers of AlAs
and Alo.2sGao.7sAs. The total number of periods is 45.5, of which 27 periods are below the
center of the Alo.1sGao.ssAs phase shifter, and, as in the DFB-RPG laser, 18.5 periods are at
the top. The total number of quantum wells is 18. Calculated reflectivity of the bottom reflec-
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(a) (b)
Fig. 5. Structure design of (a) DFB-RPG and (b) DFB/DBR RPG GaAs/AIxGal.-As/AlAs
VCSELs. The layer thicknesses are not drawn to scale.

tor, comprising 26.5 half-wave periods, is 99.80%.

Prototype DFB-RPG and DFB/DBR RPG structures were grown by MOCVD in a hori-
zontal reactor at 100 torr and a growth temperature of 725 "C. The sources used were 100% ar-
sine, trimethylgallium (TMGa) and trimethylaluminum (TMAI) which were maintained at a
V/III ratio of 50. The growth rate was 500 A/minute. The structures were undoped and pro-
duced in a single growth cycle.

In order to tune the resonant cavity and quantum-well emission wavelength to the design
wavelength of Ar - 840 nm, several calibration structures were needed before the growth of the
final structures. First, a 3,\,/2 Alo.2 5 Gao.7TAs layer, approximately 3652 A thick, was grown on a
GaAs buffer. Room-temperature photoluminescence (PL) was used to measure the layer alloy
composition and infrared (IR) reflectometry was used to measure the reflectivity peak of the
calibration layer. The reflectivity peak along with the associated alloy composition allows us to
determine the exact layer thickness, giving us an accurate growth rate and TMAI incorporation
constant. A more detailed description of the calibration procedure for VCSELs, including sev-
eral examples of IR reflectometry spectra, is given in (Armour 1992]. When a satisfactory alloy
composition and layer thickness for the calibration structure was obtained, a second calibration
structure was grown which c-.ntained a 3Ar/2 AlAs layer (-4886 A thick) on top of a X'/4
AIo.2sGao.7sAs layer (-628 A thick). PL was used to verify the composition of the
Alo.2sGao.7sAs layer, and IR reflectometry was used to measure the reflectance profile of the
sample. The third and final calibration structure, shown in Fig. 5(a), resembled the actual DFB-
RPG device but the number of periods above and below the center of the phase shifter was re-
duced to 5. PL was used to measure the quantum well emission and IR reflectometry was used
to check the reflectance spectra. Using the TMAI incorporation coefficient obtained from the
first AloasGao.76As calibration structures, Alo.isGao.asAs layers could be grown without a sepa-
rate calibration run by using a linear relationship between the Al content and the TMAI flow
rates.
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After the calibration runs, a DFB-RPG wafer (sample #610) was grown. The complete run
sequence took -4 hours, with 20 second growth interruptions between each layer. To accomplish
this task, the MOCVD reactor is run via a dedicated DEC MicroVAX II computer which moni-
tors and controls the reactor status every 10 ms. A second wafer (#613) was grown following
the growth of a DFB/DBR RPG sample described below.

The growth of the DFB/DBR RPG structure was preceded by a single calibration run in
which 5 periods of the DBR section and 5 periods of the DFB-RPG section were grown to ver-
ify the resonant wavelength. The structure was measured to resonate at 853 nm and thus the
DFB/DBR RPG sample (wafer #612) was grown in the subsequent run.

TEM measurements were used to determine the actual layer thicknesses in the MOCVD-
grown samples. Fig. 6 shows a TEM image of a piece of wafer #610. The measured thicknesses
were: 549 A for top Alo.2sGao.lsAs layer, 705 A for AlAs layers, and 527 A for Alo.i 5Gao.ssAs
layers.

Fig. 6. TEM image of the prototype
DFB-RPG VCSEL. The diameter of
the exposed area is 6.4 pm. Quan-
tum-well layers are not resolved. The
top Alo.2sGao.7sAs layer is not visible
because it was milled off in that

, portion of the sample.

4. OPTICAL PUMPING EXPERIMENTS

In quasi-cw experiments, the as-grown wafers were optically pumped using the 740 nm
line of Ar-ion-pumped dye laser, with the pumping beam diameter of -15 pm. As a precaution,
in order to reduce the risk of sample overheating, a 10% duty-cycle chopper was used to mod-
ulate the pump beam at I kHz. The input power was measured with a calibrated NRC power
meter. A high-sensitivity silicon detector was used to measure the output power.
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Fig. 7 shows typial quasi-cw characteristics of samples #610, 612, and 613. The average
lasing threshold, obtained by pumping various spots on the same wafer, was 58 mW for wafer
#610, 52 mW for wafer 612, and 74 mW for wafer 613. The increased threshold of wafer 613
was related to its poor surface morphology indicating an inferior crystalline quality.

Even though no heat sink was used, the maximum quasi-cw output power reached nearly 7
mW for any of the prototype wafers. This power level is considerably higher than that obtain-
able from single-quantum-well microlasers of the same active-region diameter, while it is com-
parable to that of DBR-RPG devices.

The cw output spectra of DFB-RPG device, centered at -878 nm, were rather broad (0.8
nm) with a complex structure indicating multiple transverse mode operation. We note that the
lasing wavelength is shifted towards the red, compared to the design wavelength of 840 nm.
This is primarily caused by the disparity between the "ideal" specifications of Fig. 5 and the
actually grown samples. As established by TEM measurements, the AlAs and Alo.jsGao.asAs
layer thicknesses in the piototype samples are greater than the original design parameters of Fig.
5. This shifts the resonant wavelength towards the red by -27 nm, and even though it may no
longer coincide with the gain peak, the resonant gain enhancement is sufficient to favor lasing
at longer wavelengths. In addition, sample heating under the quasi-cw conditions also con-
tributes to the red shift of the lasing wavelength.

In pulsed optical pumping experiments, we used a Q-switched Nd:YAG-laser-pumped dye
laser that emitted 7 ns pulses at 735 nm, with 10 Hz repetition rate. The pumping beam power
was measured using a calibrated Gentec detector.
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optically pumped with 7-ns pulses at 10 Hz repetition rate.

Fig. 8 shows examples of pulsed input-output characteristics measured for the DFB-RPG

sample #610. The lasing threshold is about 30 nJ per pulse which corresponds to -4 W peak



power. The peak output power reaches very high values, exceeding 8 W out of a iS-Am
diameter lasing spot. This very large peak power illustrates the tremendous potential of RPG
VCSELs as sources of very high-power well collimated laser light.

5. CONCLUSIONS

We have described fabrication process and lasing characteristics of prototype MOCVD-
grown GaAs/AlGaAs/AIAs DFB-RPG VCSELs. The new structure eliminates the need for end
reflectors in earlier resonant-periodic-gain lasers, thereby reducing considerably the total thick-
ness of the device. A hybrid version of DFB-RPG device, with a passive Bragg reflector on the
substrate side, is particularly attractive for electrical pumping.
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ABSTRACT

Under certain well-defined conditions, semiconductor lasers subject to two independent sources of coherent feedback

can exhibit self-pulsing instabilities, leading to chaos via period-doubling or quasiperiodicity. Experimental data and

calculations are presented.
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SUMMARY

Semiconductor injection lasers are frequently operated in external cavities for spectral narrowing and mode

stabilization, although the result can also be self-pulsations and chaos. External cavity lasers are also alignment-

sensitive and are generally troublesome. Why then would anyone want to study double external cavity lasers?

Firstly, suppose one requires a single longitudinal and transverse mode with a narrow linewidth. Single-mirror
external cavities can select a single longitudinal mode (cavity length L ex < laser diode optical length Ld) or narrow

the modal linewidth (LX >> Ld), but not both. Grating external cavities can select and narrow a single mode, but

at a much lower level of feedback, severely restricting the available power (- 1 mW). A combina!ion of two external

cavities [1 - one short plus one long, or two short cavities with a small length offset (a vernier combination) - can

provide effective mode selection and linewidth narrowing even in medium-to-high power semiconductor lasers, while

intracavity etalons or external high-finesse resonators are also effective in this regard [2]. However, in each case

there are multiple sources of feedback which must be taken into account to determine the laser modes and dynamical

properties.

Secondly, there are many situations in which conventional (single-mirror) external cavities are subjected to one or

more sources of additional (often inadvertent) feedback - in OEICs, optical storage and inspection, fiber

communication systems, for example - and again these must be included in systems design.

Finally, there are many fundamental issues to be examined - mode mixing, frustrated instabilities and the interplay

between cooperative and competitive dynamics - which can be studied in a particularly conveaient and flexible

manner using double external cavities.



In this paper we describe experimental and theoretical studies of the static and dynamic properties of double external

cavity semiconductor lasers. Our experiments have used GaAs/GaAIAs index-guided lasers (Hitachi HLP-1400)

coupled to two long (10-60 cm) linear external cavities, without frequency-selective elements such as gratings or

etalons. Our theory rests on rate equations for the carrier density, electric field amplitude and phase, including two

coherent optical feedback terms. These are solved for the steady-state modes, then a linear stability analysis is

performed to study the self-pulsations observed experimentally. Finally, the rate equations are integrated numerically

with optional Langevin noise terms.

When the ratio of the cavity lengths is 2:1, the observed behavior is very similar to that of the single external cavity

laser with off-axis tilt asymmetry [3,4], showing coherence collapse at low levels of feedback (- 104 in intensity)

and spectral mode splitting and slow self-pulsations due to mode mixing at high feedback (- 10'1). These self-

pulsations initiate period-doubling or quasiperiodic routes to chaos, and these effects are exacerbated by weak

modulation close to the self-pulsing frequency. The existence of chaotic attractors has been confirmed by calculating

correlation dimensions and bifurcation diagrams for the double external cavity laser.
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A Simple High-Speed Si Schottky Photodiode
B. W. Mullins, S. F. Soarms, K. A. McArdle, C. M. Wdm, &n S. R. J. Brueck

Abast-Dedtl. fabrkation. and UV4eterodYe ch te. High-peed UV detectors have been reported using vertical
Itdon of NI-SI-Ni metal-semkonductor-metal Scbott bar- Schottky barrier [11], planar interdigitated Schofky barrier
nV photodetector Is reported. Plaw detectors were fabri-
cated, with a dmpk 3-lewd Uthogp hy process on bulk St. I [9], Si p-n junction, ai vertical p-i-n with a thin p-yer
both simple-gap and Interdllftted geometrie with gap dimen- [12], with only moderate success. A promising design used a
dons from I to 5 pm. Frequency response of these devices was planar interdigitated Schottky barrier with a low-frequency
chsracterized udng& a CW-law heterodyne system at 334.5 no. quantum efficiency of 12% at 337 am and a fiquency
For a 4.5-pmr Interdigtated device, a 3-di response of 16 GIz Is response of 5.3 GHz, measured at 800 nm [91. No picosec-
measured, giving 22 GBz when deconvolved from the nd impulse, a rrelaion, or etrdyn response mew
pekaae/coanector. A detailed theoretical model of the photodi-
ode response Incorporating effects of carrier transport and de- uremeti at UV wavelengths have been reported.
vice geometr" b I ecenent agreement with the measurement. We report on fabrication and N-beterodyne chamacteriza-
This model predicts an 86.Glz 3-49 response for the I-pm gap tion of high-speed planar NI-Si-Ni Schottky barrier pbotode.
teometU devices. tectors. For a 4.5-pm gap geometry, a 16-GHz 3-dB hetero-

dyne response limited by packaging effects, is measured at a
lroDucr'oN wavelength of 334 un. This is the highest reported speed for

T HERE has been extensive research on high-speed low- an Si-based de or. A photodiode transport model, includ-
noise photodetectors in the 0.8-1.5 pm wavelength range ing carrier drift, diffusion, and recombination, is in good

for use in optical communication systems. Four general agreement with the measured detector frequency response.
device designs, p-i-n [I, [2), vertical Schottky barrier [3], This model gives a 24-GHz 3-dM point for the present
planar Schotky barrier (41-M, and avalanche photodiode detector exclusive of packaging limitations. For a 1-pm gap
[8), have been developed. Device materials include Si [5), geometry, the model predicts an 86-GHz 3-dB response for
[91, lnGaAs [8], and strained-layer superlattices [101. In the these simple Si detectors.
near infrared region, very fast, highly responsive detectors The detector consists of a side-by-side pair of metal-
have been fabricated. Frequency responses up to 67 GHz and semiconductor junctions comprising a metal-semicon-
quantum efficiencies of 80% have been reported for p-i-n ductor-metal (MSM) diode. The exposed semiconductor,
devices [2]. The fastest Schottky-barrier devices reported between the metal pads, is fully depleted with an appropriate
have a 110-GHz frequency response [41. applied bias. This depleted region is the photosensitive region

In contrast, relatively little work has been reported on of (ht diode, and high applied fields result ii very fast,
ultraviolet detectors. As ultrafast UV sources become avail- saturated drift velocities'of the charge carriers. It is unponam
able, there is increasing interest in high-speed detectors for to appreciate that both electron and hole velocities arm equally
monitoring photochemical and other high-speed phenomena. important in this configuration. In this regime, Si offers

The most salient materials characteristic at UV wave- performiance comparable to GaAs and laP, in contrast to the
lengths that determines detector design is the very high situation in which 6nly electron velocities and mobilities are
absorption coefficient of - 10' cm-' for almost all semicon- important. The direct access to the depletion region by UV
ductors. This dictates a design with very shallow junctions in photons avoids the short absorption length problem inherent
traditional vertical geometries and favors the planar mc- in other designs.

A common phenomenon, reported for all MSM devices, is
a spurious gain mechanism leading to an anomlous effecftie

Manori received Ocbr P,31, 1990; revised hway S, 1"91. This quantum effiiency, > 100%, at low frequencies [9, [13.
wrk wU affoed ipan byr the Naval teuh Laoratoy. Tentative explanations have been put forth [14], but no
B. W. Mufins was with the Center for high Tehnology Materia ad the

Dep ar of Physics and Atronozy, Universi y of New Me.o, Alb definitive models have been presented. TU p1eomenon is
quea , NM. He it sow wih , p L.aboratomry. Kad Akr Fare e, also seen in the devices tested in this study. Our resultsAlbuqerque, NM 37117.S. F. Soas is with the Center for H Tenoo Maerials . indicate that this gain is most likely photoconductive resulting
Npaaznt of Eec" cad aod Co t ngeering. Uveit of New from junction leakage; a more detailed analysis will be
Mexico, Abuqxqe, NM 711. pubished elsewhere.
iL A. MArda ad C. M. Wioo ame with the Ce r for ih Tedol- p h

ogyMateris nd tOe Depaltlt of Physics ,ad Astroomy. Unvety of FABRicATioN Op Ni-Si-Ni MSM Scmorry BARa
New Mexico, AlRbomeqe, NM 37131.

s. L j. zuck is w he CAnt for MOg Tedolo Materi l, d To oUs
Depa t' of ftysics and Asronon , and the Departzmen of Eectical &d MSM photodiodes were fabricated with Ni Scbotky co-
Co731e Eogioerin& Vaversiy of New Mexico N tacs on bulk Si (i - 8 x 10 1a  cm- ). A planar, lateral
17131.

o gs Numbe 9144500. geometry with both contacts on !he top surface of the Si was
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used; both simple-gap and interdigitated2 or serpentine-gap, bict.

devices were fabricated with gap widths varying -from to amplifiers and cabling from the SMA connector to the RF-
4.5 pm. A representative structure is shown in Fig. 1. Th spectrum analyzer was calibrated from I MHz to 18 GHz
first layer is an 80-nm-thick SiO 2 film. Windows, ranging using a vector network analyzer. Absolute responsivity R(w)
from 100 to 500 #m2, expose the semiconductor surface cfm by comparison to the measured dc respoesiv-
where the Schottky contacts are formed. The oxide serves to iy of a weli-chlaacterized low-frequency commercial detec-
isolate optically inactive metallization areas and reduce junc- for
ion capacitance and dark current. The second layer is a
30-nm-thick Ni film with a series resistance of 50-60 0 and MfR osuvs
a transmission of 17% at 334.5 nm. The Ni-Si contacts form Measurements of R( c) were made on several different
the MSM photodiode. The photosensitive semiconductor re- detectors under a variety of conditions. The bulk of these
gion between the contacts varies in area from 15 to 90 pm2  measurements were used to validate an MSM detector re-
in the simple-gap geometry. The final layer is a 30/170 am sponse model that predicts high-speed detector performance
Cr/Au film to form the 75 x 75 pm2 bonding pads. as a function of bias and beam diameter and position on the

Pbotodiodes were fabricated using conventional pho- detector, using Si carrier transport properties [15]. The model
tolithography, including standard liftoff techniques for metal includes effects of carrier drift, diffusion, and recombination.
definition. Si wafers were cleaned and inserted into a pre- A more detailed description will be published elsewhere. The
beated furnace (1 1000C), with an 02 flow of 41/min, for 25 model was compared to the measured frequency response for
min, to grow the 80-nm oxide. The windows in the oxide gap dimensions of 4.5, 3,. and I im with differing biases and
film were etched, and the metal films deposited in three beam positions.
Photolithographic steps. Metal films were deposited in an R(w) curves are shown for a 4.5-pm gap interdigitated
electron-beam evaporator at a rate of 0.5 nm/s. detector at 30- and 10-V bias. (Figs. 2 and 3) Heterodyne

After fabrication, wafers were cleaved to separate dies signal levels were greater than 20 dB above the shot-noise
incorporating detectors with variations in geometry and di- floor across the entire frequency range; the - *I dB varia-
mensions. An individual die was mounted at the edge of an tions are due to package and electronics resonances as can be
Au-on-alumina microstrip high-speed package using heat- seen by noting the pattern similarity in the two figures. The
conductive epoxy. The package was mounted on an Au-coated 2-pm FWHM beam was centered in the detector gap, and
Al block and an SMA connector (18- Hz bandwidth) was R(a) was measured out to 18 GHz. The 30-V data (Fig. 2)
pressure fitted to the strip. Gold wires (25-pr diameter) were have been extended to show the low-frequency gain region,
wire bonded between the potodiode, the package, and inherent in all MSM photodiodes. Two theoretical plots are
ground. Cam was taken to ensure short bond wires so that shown. The upper curve in both graphs is the detector model
puW g inductanc did not affect the measurements. Dark which is in good agreement with the data out to about 14
currents, in this nonoptimized design, were <50 nA for a GHz. At these frequencies, the bandwidth limitations of the
25-pim-long device at a 10-V bias. For broad-band photodi- SMA connector on the detector package become important.
ode applications, the noise associated with this low dark The SMA connector-detector package can be modeled as the
current is negligible in comparison to RF-ampliher input product of a simple single pole, with a characteristic fre-
noise. quency of 18 GHz, due to the SMA connector, and the

detector response. This leads to the lower modeling curve.
ExEIW ,,rAL ARANE ENEr An excellent fit is obtained out to the experimental fequency

A UV-heterodyne system was developed to characterize limit of 18 GHz, constrained by available amplifiers. The
these detectors (151. A single-mode Ar+-ioa laser, X = 334.5 effect of the SMA connector can be seen on both the 30- and
nm, and an intracavity doubled (U10 3), frequency stabilized 10-V data. The variation in the frequency response for these
dye laser provided the local oscillator and signal beams, two cases arises because of the (slight) change in carrer
respectively. Careful attention was placed on beam and polar- velocities at the two applied field strengths in this
ization overlap. A typical local-oscillator intensity of l0 regime. The otly adjustable parameter is the overal quanwm
W/cm2 (- 2-pm FWHM) at the detector was necessary to efficieny.
reach shot-noise-limited detection. The gain of the RF- An extrapolation of the detector bandwidth can be made
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-- Theory. dation was irreversible and severely limits the applicability of
Theor SMAthe unpassivated GaAS devices for ultraviolet applications. In

contrast, the Ni-Si devices were extremely robust with no
changes in speed or responsivity observed over time scales of
several months- !hotli for devices stored in laboratory amubi-

10.010ent and devices subjected to many hours of high-intensity UV
5 irradiation.

The simplicity, manufacturability, interconnection compat-
0.005* ibility, and robustness of the planar-Si MSM photodiodea 10 12 14 16 t make it a strong candidate for applications where the ultimateFrequency (0Hz) connection is to a silicon VLSI circuit. Thbe high-speed

F~g 3.Frquecy eaoas ofa .5- ga ,iiae etchra 0V ligii-responsivity detector presented here is an ideal candi-
____ ___ ____ ___ ___date for many applications due to its materials compatibility

- 4.5 ;&m Gap with standard Si technology and the absence of complex and
Loo.mja Gap expensive epitaxial growths.
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Large second-order nonlinearity in poled fused silica
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A large second-order nonlinearity [xe - I pn/V - 0,2 xi: for LiNbOs] is induced in the near-uurface (-4 im)
region of commercial fused-silica optical flats by a temperature (250-325"C) and electric-field (Z - 6 x
10' V/cm) poling proce. Once formed, the nonlinearity, which is roughly 0'-10' time. larger than that found
in fiber second-harmonic experiments, is extremely stable at room temperature and laboratory ambient. The
nonlinearity can be cycled by repeated depoling (temperature only) and repoling (temperature and electric field)
proceeses without history effects. Possible mechanisms, including nonlinear moieties and electric-field-induced
econd-order nonlinearities, are discuue&

Fused silica is ubiquitous in modern technology. Its turned off and the sample is cooled to room tempera-
extremely low linear optical losses have enabled the ture. Once cooled, the electric field is removed, and
growth of the fiber-optics industry. SiO2 also plays a stable % 1 nonlinearity is observed. For most ex-
a dominant role in microelectronics technology, in periments, electrodes (stainless steel and Si) were
which the unique properties of the Si-SiO2 interface simply physically contacted to the sample. Samples
are largely responsible for the behavior of metal- have been maintained at room temperature without
oxide semiconductor devices underlying advances in special precautions for several months without any
computer hardware. noticeable degradation of the nonlinearity. Appi-

Unlike its related quartz crystalline phase, fused cation of heat alone, above - 250"C, removes the
silica is amorphous with a macroscopic inversion nonlinearity. The necessary voltage did not scale
symmetry that forbids second-order nonlinear pro- with the sample thickness. Attempts to pole com-
cesses. Thus the discovery by 6sterberg and merical fused-silica coverslips (180 pm thick) with a
Margulis' of efficient second-harmonic generation linearly scaled voltage were unsuccessful. How-
(SHG) in a variety of Si-Ge glass fibers on training ever, large nonlinearities were observed when these
with optical fields has generated considerable inter- same samples were placed atop a 1.6-mm-thick
est in the physics and applications of this un- sample and the larger voltage was applied across
expected phenomenon. Stolen and Tom' proposed a both samples.
mechanism based on electric-field-induced non- The SHG signal from these poled samples was ob-
linearities in which the field arises from a third- tained with 10-ns pulses at 1.06 jum from a 1-mm-
order optical rectification process. Bergot et al.' diameter Q-switched Nd:YAG laser beam operating
have observed an enhancement of the nonlinearity at 10 Hz at an intensity of 10 MW/Cm'. The SHG
with the application of a transverse electric field. sig.als were recorded with a photomultiplier tube
Recently Anderson et al." propo 'a a photovoltaic ef- (maximum signal-to-noise ratio -500:1).
fect based on interference between the fundamental The second-harmonic polarization induced normal
and harmonic fields that phenomenologically ac- to the surface along the poling field (the z direction)
counts for the observed strength of this field.' This is given by
field interacts with the material third-order non- (E.2 + E,2) + X4E,. (1)
linearity X(3) to provide an effective X(2 = XC E9
Similar field-induced nonlinearities have been If we measure the relative contributions of the verti-
observed in a variety of material systems, e.g., para- cal and the horizontal input polarizations to the
electric lead-lanthanum zirconate-titanate. SHG signal, the ratio of X33 to x is determined to

In this Letter we report what is to our knowledge be 7:1. A model of the angular dependence of the
the first observation of a permanent second-order SHG power, including angular-dependent Fresnel
nonlinearity in the near-surface region of bulk reflectivity coefficients, shows that the signal
fused SiO2 induced by a temperature/static electric- should maximize at an incident angle of approxi-
field poling process. The induced X ''s achieved are mately 60°. Indeed a large harmonic signal was
3 to 4 orders of magnitude larger than those found measured at a 60° angle of incidence as shown in
in the fiber experiments and approach that of tradi- Fig. 1. The ratio x /x? that best fits this angular
tional nonlinear-optical materials such as LiNbO3. SHG scan is -2:1. This disagreement with the

The preparation process for generating the X (2 ratio obtained from the relative power measure-
nonlinearity in a sample involves heating it to 250- ments has not been resolved.
326'C in a laboratory ambient while applying a de Scanning the laser spot transversely yields a
bias of 3-6 kV across the nominally 1.6-mm-thick smooth nonlinearity profile over the area covered by
samples. After -15 min of poling the heater is the 1-cm' electrode used for poling. No observable
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.. . -HF acid solution. Figure 3 shows the variation of

the SHG as a function of the layer depth for samples
poled for a duration of 15 min and for a duration of
2 IL Etch depths were determined by surface p.
rflometer scans at each etch step. There was mg-o nificant roughening of the sample su-face by the

etching. An index-matching fluid was used to en-
sure an optically smooth surface for comparability of

05 the results. While the initial SHG signal measured
7= using 1.06-Am pulses was approximately the same

for both samples, the increase of the layer thickness
oo0 - -V. on longer poling time is significant. For the nomi-

-80 -60 -40 -20 0 20 40 60 80 nal 15-min poling used in most of the experiments
Angle of Incidence (degrees) reported here, the characteristic length was 54 Am.

Fig. 1. SHG signal from a poled Opt-eil sample versus The x( coefficient was measured by comparing
the angle of incidence for a TM-polarized fundamental the SHG power generated in crystal quartz (1 mm
beam nt 1.06 ,m. thick) with that in LiNbOa (76 Am thick) reference

samples at four different wavelengths. The maxi-
Poling Temperature - 280"C mum SHG signal, generated over a full coherence

100 Poling Time - 10 min 0 0 length, is given by P2, cc 419[b2 cos' 9Le/fr, where
- Slope 3 L, (=r/Ak) is the coherence length for the SHG at

the corresponding wavelength. For an exponen.
S10tially decaying nonlinearity, as found for the poled

fused-silica samples in the etching experiment, the
*SHG power is

. p2,1L) _c 19,(0)12

X [exp(-2aL) + I - 2 exp(-2aL)cos AkL
×Ak' + a2

0.1 (2500 700 1000 3000 5 (2)
Poling Voltage (V) where a' is the characteristic length of the nonlin-

Fig. 2. SHG signal versus the poling voltage for a fixed earity. In the limit of L --+ w the SHG power P2,
temperature and poling time. The signal was obtained on becomes proportional to P, -. i(0)I'E1/(Ak2 + a)
a mingle sample with successive polings at higher poling Using the available indices of refraction.' we calcu-
voltages. lated the coherence lengths of quartz, LiNbOs, and

SHG signal was obtained for poling temperatures fus rd silica. From the observed etching rate we
below 210C. The SHG signal increased as a -3.5 measured the inverse characteristic length a of
power law with the applied voltage as shown in 0.25 pm'. An average value of approximately
fg. 2. The nonlinearity could be recycled thogh 1 x 10u m/V for J, the largest )rm coefficient of
a number of feholineariy ci o heat altone the poled fused silica, was obtained. The value of
and ruepofg depoling (by appication of heat aone) x showed no dispersion over the three wavelengths
and repoling cycles (by application of heat and elec- used Th d v
tric field) without degradation of the signal. Ir- used. The measured X ) value of fused silica is al-
radiation at a peak power level of 100 mW/cma most 20% of the X ) value of LiNbOs.
257 nm using a frequency-doubled Ar-ion laser for We used several commercial grades of amorphous
over an hour did not affect the nonlinearity. This silica, including Optosi], Homosi], Infrasil, and
is in contrast to the fiber results where UV irradia- 100
tion does erase the nonlinearity.

No fringes were observed as the angle of incidence P for two hours

was varied at fundamental wavelengths of 1.06 iAm, a

740 nm, and 533 nm. This indicates that the non-
linear layer thickness is less than or comparable
with the coherence length, which is 3 jtm at o 10

533 nm.8 The absence of Maker fringes also indi-
cates that the nonlinearity is generated only on one fPoled or 15 min

side of the sample. Interference fringes were ob-
served from two adjacent samples, and, from the
periodicity of those fringes, it was possible to deter-mine that the nonlinearity was always on the side of 2.. , 10
the sample that had been positively biased during E2 4 De a to

poling. The nonlinearity moved from one side to Fig. 3. SHO igna versus the etch depth as the material
the other for repoling with reversed polarity, is successively etched away for two samples with identical

The depth profile of the nonlinearity was deter- poling voltages (5 kV) and temperatures (280C) but dif-
mined by differential chemical etching using a 49% ferent poling times.



Suprasil. The strength of the SHG signal was In conclusion, we have generated an extremely
approximately the same for all samples (within a large second-order nonlinearity in the near-surface
factor-of-2 variation) except for Suprasil, which regions of bulk fused silica. The X*) coefficient of
showed a signal only -10% as large. Suprasil, man- I x 10-6* m/V is of the same order as that of crystal
ufactured by a synthetic process, has a level of metal quartz and is 3 orders of magnitude larger than that
impurities only 10% that of the other grades.' reported for fibers. A possibility for the micro-

This large difference in SHG signals suggests that scopic mechanism of this nonlinearity involves the
impurities play a role in the generation of the large creation and orientation of nonlinear complexes du,-
observed nonlinearity. Typically the dominant ing the poling process. However, this model leads
metal impurity in Optosil and related materials is to questionably large values for the hyperpolarizabil-
Al with a concentration of 20-50 parts in 106 ity. Another possibility is the generation of a large
(ppm).' Al is known to substitute for Si in as- dc field (10' V/cm) by charge separation and trap-
grown fused-silica samples. Brower' has investi- ping, which induces the large x(21 by a field-induced
gated the formation of paramagnetic impurity third-order process. Because of the ready manu-
centers associated with these Al impurities includ- facturabiity of silica optical materials and their in-
ing AIOe- and AIO=--Na* complexes formed under tegration with semiconductor optoelectronics, this
ionizing radiation. The temperature-induced desta- nonlinearity may have important applications in
bilization of these complexes is similar to the ob. waveguide and other optoelectronic devices.
served dependence of the SHG signal on poling We thank A. Mukherjee, K. Malloy, A. Y. Vu, and
temperature. Indeed, almost all trapping centers
observed in SiO2 films have shown thermal dis- K. Brower for helpful discussions. Partial support
charge temperatures in the range of 100-400°C. 11  for this research was provided by the Air Force Of-
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impurity density of 50 ppm is 'sumed, 9 is esti- S. R. J. Brueck is also with the Departments of
mated to be 10- 3 m'/V, many orders of magnitude Physics and Astronomy and Electrical and Coin-
larger than that of urea or 2-methyl-4-nitroaniline." puter Engineering, University of New Mexico.
This casts significant doubt on a localized impurity
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I A dramatic progress in the development of high-quality vertical-cavity surface-emitting
lasers (VC-SELs) has been achieved during the last couple of years, with very strong contribu-

i tions made by U.S. researchers. In particular, new concepts of microlasers and resonant-
periodic-gain devices have been proposed and implemented, and devices with strained-
quantum-well active regions have been demonstrated. This paper revews the present status and
future prospects for (VC-SELs), with emphasis on recent developments in the U.S.

1. INTRODUCTION

I Vertical-cavity surface-emitting lasers (VC-SELs) have a unique history of long and
painstaking development by a single research group, in the atmosphere of prevailing skepticism
reigning in the semiconductor laser community. For over a decade since their invention in 1977,
development and studies of vertical-cavity surface-emitting lasers (VC-SELs) have been limited
to a single group at Tokyo Institute of Technology, led by Kenichi Iga [Iga 1988]. The apparent
lack of interest in VC-SELs amongst semiconductor laser researchers was caused by notoriously

I poor performance of those devices (high threshold currents, low efficiencies, no cw operation at
room temperature). For example, as recently as in 1988 the pulsed room-temperature threshold
current densities were -30 times larger than the corresponding cw densities in edge emittingi lasers [Sakaguchi 1988). Until very recently, VC-SELs have not even been seriously considered
for any applications. This situation has changed dramatically over the last couple of years,
during which a startling progress in the development of high-quality VC-SELs has been
achieved. In this paper, we will examine the present status and future prospects for VC-SELs,
with emphasis on recent advances in the U.S. Parallel developments in Japan are described else-
where in this volume [Ogura 1991).

An important driving force behind the recent surge of interest in VC-SELs is a wide range
of potential applications for two-dimensional (2-D) laser arrays. While individual VC-SELs may
represent an alternative to existing edge-emitting lasers, they offer unique novel opportunities
when assembled into 2-D arrays. Compared to conventional arrays of grating surface emitters or
deflected-beam diode lasers, VC-SEL arrays offer the advantages of high packing density,
larger emitting areas and consequently higher output power, unconstrained arrangement of
emitters, wafer-scale processing, inherent single-longitudinal-mode operation, and narrow
nearly-circular output beams that facilitate coupling to optical fibers or redirection and detec-

* Also with the Department of Electrical and Computer Engineering and the Department of
Physics and Astronomy, University of New Mexico.
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tion in open-space systems. Compatibility with vertical stacking architecture allows to integrate
these arrays into more complex system. Moreover, large numbers of VC-SELs with each emitter
having a different wavelength can be integrated monolithically [Chang-Hasnain 1990b], [Chang-
Hasnain 1991]. These features render them ideal for many new applications, such as chip-to-
chip communications, free-space optical communications, optical recording, medicine, etc. Es-
pecially attractive are applications requiring high degree of parallelism, such as optical intercon-
nections, optical computing, image processing, and optical pattern recognition.

Replacement of electrical interconnections with optical devices has many potential advan-
tages such as high interconnection densities, high transmission speed, low power requirements,
low loss, low dispersion, low mutual interference, immunity to RFI, EMI, and EMP, and re-
duced impedance matching and groundplane requirements [Goodman 1984], [Feldman 1988].
Both free-space and guided-wave configurations can be used. The successful implementation of
optical interconnections in real systems largely depends, however, on the development of
suitable two-dimensional arrays of low cbst, high speed, high packing density, reliable optical
sources that would operate at low driving currents and would deliver sufficient output power.

2. CLASSIFICATION OF VC-SEL STRUCTURES

Dramatic progress in VC-SELs over the last two years brought forth a variety of novel de-
vice structures. Conventional VC-SELs had bulk, double-heterostructure active regions. A
typical geometry of etched-well ring-contact cylindrical structure is shown in Fig. 1. Recent
development efforts concentrated on reducing the lasing threshold and/or increasing the maxi-
mum output power. Significant new concept was replacement of the bulk active region with
narrow (single- or multiple-quantum-well) layers in a carefully designed cavity such that the
position of the active layer would coincide with an antinode of laser radiation at a designed
wavelength of operation. VC-SELs with a single active region satisfying this resonant condition
are often called microlasers [Jewell 1989b], [Jewell 1990a] (see Fig. 2). A simple extension of the
microlaser concept leads to introduction of distributed-Bragg-reflector resonant-periodic-gain
(DBR-RPG) lasers [Raja 1989], [Corzine 1989b] (Fig. 3), in which multiple active regions are
separated by half-wave spacers. The most recent advance in RPG laser structures is a dis-
tributed-feedback resonant-periodic-gain (DFB-RPG) VC-SEL [Mahbobzadeh 1990] (Fig. 4),
where an RPG active region is intercalated with the multilayer reflectors.

A characteristic feature of VC-SELs that distinguishes them from edge-emitting semicon-
ductor lasers is their small single-pass gain, reminiscent of gas lasers. As a direct consequence of
small gain, in order to avoid prohibitively high lasing threshold it is necessary to place the ac-
tive medium in a high-Q resonator. In today's state-of-the-art VC-SELs, this is almost invari-
ably achieved by providing a Bragg resonator consisting of a stack of high-reflectivity quarter-
wave layers on either side of the active medium.

3. PROGRESS IN PERFORMANCE OF VC-SELS

Due to extremely short length of the active medium, it is imperative to achieve very high
(close to unity) reflectivities of the mirrors defining the Fabry-P6rot resonator. Several concepts
were employed to reach that goal: quarter-wave dielectric multilayer reflectors [Zinkiewicz
1989], [Yoo 1990], quarter-wave semiconductor multilayer reflectors [Jewell 1989*a, (Scherer
1989], metallic reflectors [Deppe 1989], [Yang 1990], [Schubert 1990], [Tu 1990] and hybrid
mirrors, combining semiconductor and metallic reflectors [Schubert 1989], [Fisher 1990] or
semiconductor and dielectric layers [Ho 1990a]. The high reflectivity semiconductor mirror
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growth represents a significant technological challenge, since it requires a very good control of
each layer thickness and composition. Calculations indicate that changing the thickness in one
quarter-wave layer by only one unit cell (two monolayers) produces a shift of resonant wave-
length up to 0.12 nm [Weber 1990). In addition, rough interfaces reduce the reflectivity, intro-
duce scattering and diffraction loss, and deform the wavefront of the lasing mode. Advanced
crystal growth techniques, such as atomic layer epitaxy or phased-locked epitaxy [Walker 1990]
may be utilized to provide ultimate perfection and uniformity of DBR layers with high repro-
ducibility. Improved quality of interfaces can also be achieved by employing misoriented sub-
strates [Wang 1990b]. ,

Over the last two years, lasing threshold of VC-SELs for room-temperature operation has
been reduced by orders of magnitude. The progress achieved in electrically pumped
GaAs/AIGaAs devices is illustrated in Tables I and III for pulsed and cw operation, respec-
tively.

So far, there have been relatively few reports of temperature dependence of lasing thresh-
old. The characteristic temperature To for pulsed threshold, given in Table 1I, is comparable to
edge-emitting devices. However, as shown in Table IV, To becomes significantly smaller for cw
operation. Large difference between pulsed and cw values of To indicates that strong tempera-
ture dependence of cw threshold in VC-SELs is primarily caused by thermal effects.

Optical pumping provides a convenient tool for studying VC-SEL structures. It can be used
to evaluate potential performance of novel designs prior to achieving electrical pumping. It is
worthwhile noting, however, that caution should be exercised when interpreting optical pumping
data. With optical pumping, the active region is defined simply by the spot size of the pump
beam, without any wafer processing. In electrically pumped structures, good confinement of
carriers in columnar devices is accompanied by increased surface recombination at side walls,
while planar structures suffer from current spreading. Hence, the threshold current density
estimated from optical pumping data [Jewell 1989b] may lead to overoptimistic conclusions.

Another point of caution when interpreting the optical pumping results is a considerable
uncertainty in evaluating the pump power actually absorbed in the active region. This somewhat
corresponds to difficulties in establishing the pumping current in the active region in the
presence of current spreading.

Tables V and VI contain data on room-temperature lasing threshold in optically pumped
VC-SELs under pulsed and cw conditions, respectively.

3.2. Output power and efficiency

In evaluating progress in VC-SELs with respect to output characteristics, we have selected

peak output power and overall power conversion efficiency as the main' indicators. We have not
included the slope efficiency 17d, since it can be made artificially high by reducing mirror re-
flectivities at the expense of increased threshold current. For example, 17d can be increased from
-15% to 54% by reducing the Ag mirror thickness from 400 A to 300 A [Tu 1990). However, in
the same instance, the pulsed threshold current density jth in 20-/Mm diameter devices increases
from 13 to 19 kA/cm 2 (Jth raising from 40 to 60 mA).

Tables VII and VIII contain data on output power and energy conversion efficiency for
electrically-pumped VC-SELs operating under pulsed and cw conditions, respectively. Optical
pumping results are summarized in Tables IX and X.
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Table 111. Room Temperature CW Threshold
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Table IV. Characteristic Temperature To for CW Operation

To [K] Range [*C1 Size [Am) Structure Reference

115 15.50 150 0.5 pamDH*DBR [Tai 1989b)

130 10-50 250 4xIOnmMQWGRINSCH [ani 90

to-so ISO- I ~proton-implanted plaser Hs7 90
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1 4. PERFORMANCE OF CONVENTIONAL VC-SELs
Conventional VC-SELs with thick active regions carry a potential for high-power opera-

tion, with the highest reported pulsed output power of 120 mW emitted by devices with diame-
ter of 35 pmn [Zinkiewicz 19891. The cw output is however considerably lower, with thermally
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limited light-output characteristics exhibiting a downward bend at output power levels near I
mW for etched-well devices [Tai 1989b].

As recently as two years ago, the pulsed room-temperature threshold current densities of
VC-SELs were -30 times larger than the corresponding cw densities in edge emitting lasers
[Sakaguchi 19881. The threshold in conventional VC-SELs remains, however, very high (about
10 kA/cm 2 [Botez 19891, [Schubert 1990], compared to less than I kA/cm2 in GaAs/AIGaAs

edge emitters with similar bulk active regions), which indicates that thermal effects are still
critical.

Conventional planar VC-SELs have been successfully integrated into closely packed
phased-locked arrays [Deppe 1990], [van der Ziel 1990]. However, the familiar double-lobed
far-field pattern that plagues the high-power edge-emitting phased arrays has been observed.
Hence, one of the major attractions of VC-SELs which is its circular narrow output beam is lost
when high-order 2-D supermodes are excited [Yoo 1990c]. It can be expected that achievement
of stable single-lobe far-field in 2-D arrays will represent a formidable challenge.

Table V. Room-Temperature Pulsed Threshold -Optical PumpingI -,- -,
P hrkW/Qn 2 Pd pt mW] tp [Is 11p 1%I) jSize (pral smcare Reference
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320 410 0.01 0.0 so 20 m in 19591
20x0 -a oru 199b

30 24 100 DBR-RFG [Corzine 1989b]

17.5 86 7 10-6  250 20X0 n bybrid (Schms 19891
- - - - - DB-DBR UPO ______

- threshold isradiance (absofbe)

Pgh" threshold pump power (absoedd)
tp - pulse length

rpduty cycle
- incident i radiance and power
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Table VII. Room Temperature Pulsed Output Characteristics

p (kWkm2J Pnax r mW) n [mW/mA. % lp lh] '7p [%) Size [punJ Stucture Refrence

0.28 0.4 500 12xa2 .amtSQW mined
olumnmv dasr [ea 1990a]

0.57 25 750 8un SQW strinied [Gees 1990a]strained olunmar

0.75 3 0.16. 12 20x2s0 lur [Clause 19901
1____ 1_____ p___-Ilaser_______

.4 4.5 0.07, 5.0 100 i 200 0.0 A ATU 1990)3=M0A Alt mirror T19o

2.7 2.2 0.12. 9.4 9x9 strainedcolua r  [Clause 1990]
_____20x15 n

2.7 3 0.07. 5.1 200 2 120 G INS.W-DBR mWan 1990.)

2.8 45 0.07. 5.2 200 0.2 40x40 3x8 = MQW proto- [Orensucin 1990]
______________________ _____imnted strained plaser _____

5.3 6 0.12, 3.3 200 2 120 0.47 in DH-DBRImisoriented substrate Wsg99b

12.5 120 0.11, 7.3 200 0.02 350 3 pmDH-DBR [Zinkiewicz 1919]

14 11 0.14, 9.8 100 1 100 0.6 pnDH-DBR [ru 19903

____ _____________40o A AG ruo 1990b
46.7 18 70 3x8 n MQW strained Jewell 199b]

columna pIler

p - power density
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Table VIII. Room Temperature CW Output Characteristics
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2
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Table IX. Room-Temperature Pulsed Ouput Characteristics -Optical Pumping

P tkWktni2  Pnazt10w) I i[%) 8J Mp rnip '1p) Sizn m SVU Reterence

12.4 61 6.1 7 I0- 6  250 20xlO mn hybr19
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Table X. Room-Tempeture CW Output Chairactetistics - Optical Pumping
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• I - I I _
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p -output power density
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5. PERFORMANCE OF MICROLASER VC-SELs

Strong interest in microlaser structures is to a large extent propelled by their relatively easy
electrical pumping and capability of operating at low current levels. Originally, microlasers were
fabricated in form of etched columns with side walls exposed to external environment. While
this approach produces spectacular images [Lee 1989] and allows for a million of microlasers to
be processed on a single wafer [Jewell 1990a], it is certainly not optimal from the point of view
of reducing the threshold. In addition to very inefficient heat dissipation, surface recombination
introduces a significant loss mechanisia for structures of very small volume. In order to protect
the etched columns from negative ambient influence, a buried-mesa geometry was proposed
[Geels 1990a], in which the exposed surface is covered with polyimide (Fig. 5). Further im-
provement of device quality supplemented by a simplified fabrication process occurred with in-
troduction of planar ion-implanted microlasers (Fig. 6) [Tai 1989a1, [Tell 1990].

If the active region consists of a strained InGaAs/GaAs quantum well which radiates at a
longer wavelength than GaAs, the output beam can be conveniently collected through a GaAs
substrate without any necessity to etch a window. By the same token, reabsorption of laser
emission in GaAs layers forming part of distributed Bragg reflectors can be greatly reduced.

Electrically pumped VC-SELs often suffer from increased threshold voltages caused by
high series resistance of DBR reflectors, especially in the p-type doping case. Special precau-
tions need to be taken to reduce excessive voltage drop at interfaces. An effective way to re-
duce height of barriers formed at abrupt interfaces is to utilize either short-period superlattices
with gradually changing composition [Geels 1990aJ, [Tai 1990a] or "staircase" DBRs with addi-
tional intermediate bandgap layers [Tai 1990a]. The specific series resistance of conventional 10-
period p-type GaAs/Alo.7Gao.sAs DBRs (-7x10 "s fcm2) can be reduced by as much as two or-
ders of magnitude by introducing staircase DBRs (6.2xi0 - 6 f0cm 2 ) or superlattice DBRs (8.5x10 - 6
flcm 2) [Tai 1990a]. Even though peak reflectivity of staircase or superlattice DBRs is slightly re-
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Fig. 5. Schematic illustration of a buried-mesa microlaser.
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Fig. 6. Schematic illustration of a planar ion-implanted microlaser.
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duced compared to quarter-wave DBRs, it is clear that even with one or two extra periods com-
pensating for smaller reflectivity the series resistance will still remain very low. Staircase p-type
DBRs have helped to. reduce threshold voltages in gain-guided proton-implanted microlasers
from 7-8 V to 3.7-4.2 V [Lee 1990c].

The highest reported cw output power from planar microlasers is 1.5 mW for 10-pm
diameter GaAs/AIGaAs devices with four-quantum-well active region and over 3 mW for 30-
pr diameter devices [Tell 1990]. It is important to note that although the emitting surface was
increased ninefold, only twofold increase of the output power was achieved. This is a clear in-
dication that the cw output was thermally limited and that the thermal problems deteriorate
with increasing device diameter. The highest reported output power from columnar microlasers
does not exceed 300 pW for a 7-pm diameter device with strained quantum well InGaAs/
AIGaAs active region [Jewell 1990b1.

Suitability of microlasers for fiber-optic applications has been demonstrated. Two-dimen-
sional Gaussian-like transverse mode far field allow for much more efficient coupling into op-
tical fibers than for conventional edge-emitting lasers. 50% butt coupling efficiency was mea-
sured for 8-pm core standard silica fibers with flat cleaved ends, and as much as 90% was
achieved for fibers with etched lens-like ends [Tai 1990b]. This is the highest coupling effi-
ciency ever reported for any diode laser. The best results obtained for edge-emitting lasers are
in the range of 40-50% [Hillerich 1988]. Single-wavelength output with more than 50 dB side
mode suppression itio (again the highest ever reported), combined with 3-dB bandwidth ex-
ceeding 5 GHz (Hasoain 19901 clearly show that microlasers have reached the level of perfor-
mance sufficient for fij;t optical communication experiments to be attempted.

Coherent two-dimensional arrays of microlasers have been fabricated. Provided the size of
individual emitters and their separation is sufficiently small, it is possible to maintain strong
optical coupling between array elements. A phase-locked array comprised of 160 columnar mi-
crolasers of 1.3-pum diameter separated by less than 0.1 pm has been demonstrated [Yoo 1990a].

6. PERFORMANCE OF RPG VC-SELs

In parallel to microlasers, resonant-periodic-gain (RPG) structures have been pursued
[Geels 19881, [Raja 1988a], [Raja 1988b], [Raja 1988c]. Both designs achieve gain enhancement
in the vertical direction by aligning the active regions with the maxima of the longitudinal
mode pattern at the designed wavelength, thus avoiding pumping the regions around the nulls of
the standing wave. By the same token emission at non-resonant wavelengths is suppressed, and
parasitic amplified spontaneous emission is reduced. Compared to microlasers, RPG structures
carry a promise of generating higher output powers, by virtue of extended thickness of the ac-
tive material. The alignment of peaks of an optical standing wave with quantum-well active
layers leads to a significant reduction of the threshold current and additional enhancement of
the maximum output power.

For VC-SELs, the total thickness of the device is of primary concern, since apart from is-
sues of technological complexity and cost it also affects the ability to pump uniformly the de-
vice. First RPG structures were all of DBR type (see Fig. 3), with the total thickness signifi-
cantly larger than the microlaser. Remarkable reduction of RPG laser thickness can be achieved
by introducing, in analogy with edge-emitting lasers, a DFB-RPG structure [Mahbobzadeh
1990], shown in Fig. 4. The length of a DFB-type structure is inherently shorter than that of a
DBR device with the same reflectivity of multilayer high reflector, because the amplifying and
feedback sections overlap in the former structure whereas they are separated in the latter one.
By replacing the DBR-RPG design with DFB-RPG, the total thickness of the device can be al-
most halved without compromising the characteristic features of RPG active medium. Compared



to present DBR-RPG structures, the DFB-RPG devices offer the advantages of considerably
simpler fabrication process, improved wavelength selectivity, and strong discrimination against
excitation of satellite longitudinal modes.

A slight modification of the structure shown in Fig. 4 results in a version of DFB-RPG
VC-SEL that resembles a microlaser structure. Extending the length of the phase shifter to a
full wave and placing an additional active layer in its center produces a microresonator sand-
wiched between two DFB sections, as indicated in Fig. 7. Compared to a usual microlaser
structure, considerably higher output power can be obtained from the DFB-RPG laser, without
any penalty whatsoever in the total device thickness. It should be noted, however, that the
DFB-RPG structure of Fig. 4 is preferable to that of Fig. 7, since the latter contains one
quantum well (symmetric quantum well in the center of the phase shifter) that is different from
all the remaining ones.

So far, most experiments with RPG lasers involved optical pumping techniques. However,
in order for these devices to reach their full application potential, it is necessary to develop an
electrical pumping scheme. The substantial thickness of the RPG active region makes it very
difficult to adopt the usual vertical pumping configuration without incurring a substantial
penalty in threshold due to a non-uniform and inefficient carrier injection. On the other hand,
transverse-junction pumping schemes do seem to represent a better approach in that long injec-
tion paths can be avoided and parasitic pumping of Bragg reflectors can be eliminated. In fact,
the very first electrically pumped quasi-cw room-temperature operation of an RPG laser was
recently achieved by using the transverse-junction approach [Schaus 1991).

While a strained-quantum-well active region is attractive for microlasers, incorporation of
strained-layer materials in the RPG structures [Gourley 19g9b) still represents a significant
technological challenge. Due to multiplicity of active layers their cumulative thickness may
easily exceed the critical thickness for dislocation-free accommodaticn of strain, leading to a
metastable configuration.

7. THERMAL EFFECTS

Excessive heating of surface-emitting lasers represents a major impediment preventing
further increase of their output power and development of densely-packed two-dimensional
arrays. Thermal power densities generated inside the active region of VC-SELs are extremely
high [Nakwaski 1991b]. This leads to a substantial increase of temperature and a corresponding
increase in the threshold current density. The fact that the first room-temperature cw operation
of VC-SELs was only reported two years ago [Ibaraki 1989), [Koyama 1989b) is mainly due to
difficulties with overcoming the heating problems. The active-region temperature of the VC-
SELs at threshold of cw operation has been estimated to be 25-30 *C higher than that of the
substrate [Tai 1989b). In contrast, the active-region heating near threshold in edge-emitting
stripe lasers does not typically exceed 2-5 "C [Duda 1979), [Yano 19811, [Ito 1981), [Manning
1981). Efficient heat dissipation, along with ultra-low threshold, is therefore critical for
applications requiring massive integration. In addition, since the operating lifetime of the device
decreases exponentially with temperature, it is essential to design lasers with consistently low
self-heating.

Thermal problems will be even more pressing in arrays of VC-SELs, where long-range
thermal cross-talk will have to be avoided. As the technology of surface-emitting lasers matures,
optimization of their thermal properties will represent a major task to be solved in order to
meet the requirements of massive integration necessary for optical processing applications.

In spite of their importance for individual device performance, large-scale integration ca-
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Upabilities, and device reliability, thermal effects in VC-SELs received very little attention so

far. The complexity of thermal problems in VC-SELs may be at least partially responsible for

this. In contrast to edge-emitting diode lasers, where nonradiative recombination of charge car-

riers in the active region is a strongly dominant heat source, surface-emitting lasers have a

much more complicated distribution of heat sources. In addition, analytical description of heat

flux spreading in a cylindrically symmetric structure is more complicated than in a rectangularIedge-emitting structure, Consequently, self-consistent solution of the thermal problem in a VC-
SEL represents a difficult computational task.

I Early attempts to address thermal problems in VC-SELs involved rather crude f;,proxima-

tions. Kinoshita et al. [Kinoshita 19871 assumed a uniform heat source distribu.on 1 the active

region and neglected the Joule heating, which in VC-SELs plays a much more important role

than in edge emitters. Baets [Baets 1988] treated heat-spreading as Lne-c;mensional, in addition

to uniform distribution of heat sources. These deficiencies have been re..,oved in a recent com-

prehensive treatment of thermal effects in etched-well vertical-cavity surface-emitting lasers,
featuring realistic distribution of heat sources and tw_ ,7men.:onal nnalysis of both current and

heat spreading [Nakwaski 1991b]. Fig. 8 illustrates inaccuracies in predicted temperature profiles

that arise when unrealistic assumptions are made. Particularly inadeqrte is the one-dimensional

treatment of [Baets 19881, strongly exaggerating thermal problems by neglecting the lateral heat

spreading, which in structures of cylindrical syrnmetry is of critical importance. This results in

errors as high as 220% in predicted temperature distrib.,ion in the active region [Nakwaski

1991a]. It is also shown in [Nakwaski 1991b] that by simple technological means it is possible to

i ease severity of heating effects.

Althougi, in principle excessive heating should be avoided, it is worthwhile mentioning that

thermal erfects in VC-SELs are not always detrimental. In particular, increased temperature in

the active -bion produces thermal waveguiding effect [Nakwaski 1991b] which may be respon-

sit'. for ced cw threshold currents in gain-guided proton-implanted microlasers [Lee
9%'. Pulstd thresholds over two times higher than in cw conditions were reported [Hasnain

I 19903.

Most VC-SEL structures exhibit increasing threshold current densities when device diame-

ter is reduced below, say, 30 jam. Large diameter lasers experience smaller losses due to diffrac-
tion and diffusion, which results in lower thresholds. However, when the diameter is too large,
the heating problems become more important, since the heat dissipation becomes essentially
one-dimensional. There is, therefore, a trade-off between reducing losses and maintaining effi-
cient heat sinking, which leads to optimal device size.

8. FUTURE PROSPECTS AND CONCLUSIONS

From an energy standpoint, replacing electrical interconnections with optical elements

should in general reduce the total operating energy for communications over all but the shortest
intrachip distances (Miller 19893. Small arrays of VC-SELs should therefore be able to accom-
plish high-speed communication between electronic chips. Arrays of laser-based logic gates may
be used for photonic switching in communication networks or for digital or neural computing.
In all of these applications, it is essential to minimize the threshold current for lasing operation.
To compete successfully against either electronic interconnections or optical modulators, the
energy consumed by the laser per bit of transmitted information should compare favorably to
energy requirements of the other sources. This translates to thresholds on the order of 100 PA

I(Jewell 1990a).

The lowest VC-SEL room-temperature cw threshold current reported to date is 0.7 mA for

I
i 16 / SPe Vol 7418 Laser Diode Technology arndApp/icat ions tll(7997)



I

I a 7-pr square microlaser [Geels 1990b]. This compares very well with the lowest threshold in
edge-emitting lasers (0.55 mA), achieved by optimizing a GRIN-SCH (graded-index separate
confinement heterostructure) structure containing a single quantum well active region [Lau
1988]. Further progress should be possible, and the goal of 100 pA seems to be quite rea;istic.
Improved passivation of sidewalls in columnar microlasers is expected to reduce threshold cur-

rent in I-pm diameter devices to less than 10 pA [Jewell 1990b].

The lowest cw threshold current density (800 A/cm2) [Geels 1990a] reported for micro-
cavity VC-SELs with strained quantum well active regions is still six times higher than the best
result obtained in long-cavity edge-emitting structures (120 A/cm2 (Chen 1990]). In addition,
these low values of microlaser threshold current densities have been obtained solely for rela-
tively broad-area emitters (-150 pm2), while rapid increase of threshold was observed for small-
area (<100 pm) devices. Further improvement in reducing the threshold current density will re-
quire very good quality of DBR mirrors with reflectivities exceeding 99% combined with sup-

pressed nonradiative surface recombination in columnar microlasers or miuiimized current
spreading in planar structures.

I The microlaser structure, in which the active region coincides with an antinode of the
lasing mode, has the advantage of v.ry low threshold at the expense of small output power. On
the other hand, resonant-periodic-gain (RPG) VC-SELs with multiple active regions offer im-
pressively high output powers and high efficiencies. Consequently, the RPG devices represent a
promising source for high-performance parallel networks with large numbers of processing ele-
ments, where the optical power requirements become more stringent. Another attractive area of3 applications for high-power VC-SELs is optical recording.

Possibility of photonic bandgaps in structures with three-dimensional periodicity
[Yablonovitch 1987] represents a major attraction for VC-SELs since it implies effective inhibi-
tion of undesirable spontaneoui emission. However, theoretical understanding of photonic
bandgaps needs to be improved before such concept could be seriously entertained for semicon-
ductor lasers. It has been recently shown [Leung 1990], [Zhang 19901, [Ho 1990b] that when the
vector nature of the electromagnetic field is included in the analysis of fcc structures, the gaps
obtained in scalar calculations disappear. At this point, it is not yet clear what conditions need
to be satisfied in order to obtain the photonics bandgaps.

I In summary, vertical-cavity surface-emitting semiconductor lasers are now at the stage of
dynamic development. Their architecture is ideal for many novel applications. At a low-power
end, such as interchip communication, microresonator VC-SELs with a single quantum well ac-
tive region are the sources of choice. At a high-power end, corresponding for example to mas-
sively parallel interconnects or optical recording, highly-efficient resonant-periodic-gain struc-
tures with multiple active regions offer the best prospects. Among the most recent advance-
ments, a novel DFB-RPG structure for vertical-cavity surface-emitting lasers seems particularly
pr:mising.
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Resonant periodic-gain surface-emitting semiconductor lasers and correlated emission
in a ring cavity
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A semiclassical theory of a resonant periodic-gain (half-wave spatially periodic-gain segments) laser in
the context of a semiconductor medium is presented using an oversimplified picture. Terms arise in the
polarization of this periodic-gain medium that lead to enhanced light-matter interaction, doubling the
gain coefficient, and enhancing mode-pulling effects. Discussion of the physical processes is extended to
include a comparison with the ring-cavity correlated-emission laser, which also utilizes a periodic-gain
medium and exhibits a vanishing phase fluctuation between the degenerate counterpropagating modes.
A simple physical picture of radiations from a half-wave-periodic, radiating dipole array illustrates the
common mechanism and important relationship between these lasers.

PACS numbers): 42.50.-p, 42.60.Da, 42.5S.Px, 42.60.By

1. INTRODUCr1ON

Recent reports of resonant periodic-gain (RPG)
surface-emitting semiconductor lasers (1 -4] have created
a great deal of interest because of their potential applica-
tion in optoelectronic integration (51, and two-
dimensional arrays [6-81 for optical processing. These

C ( laser structures make use of half-wave-periodic, thin sec-
tions of gain modium (e.g., GaAs/Aij _ , o aG A s quantum ,
wells) similar to that proposed for a correlated emission
in a ring cavity [9]. The concept of a correlated-emission Mirrors
lae (CEL) was first developed [10] some five years ago.
In addition to its intrinsic interest to quantum optics, the
CEL holds promise for applications in various areas of
fundamental and applied physics, e.g., the laser gyro-
scope [11,12]. Several detailed investigations of various
aspects of a CEL including linear [13-16] and nonlinear
theories [17,18] have been reported. In these devices, two (a)
laser modes are coherently coupled either by preparing a
three-level laser medium in a coherent superposition of
upper states [10] or by using a spatially periodic gain
medium in a ring cavity [9]. Figure 1(a) shows schemati- G VCSELStnctwe Ur. U AZ_.O-UGC
cally a periodic gain medium CEL in a ring cavity. The
periodic gain medium provides the correlation between
the two degenerate counterpropagating waves in the ring
cavity by constructive interference. When the light of a
mode is partially reflected from a layer of the gain medi-
um, constructive interference is achieved when the phase
of counterpropagating mode matches that of the reflected
wave. Much of this work, both theoretical [13-18] and l.e =~o (b)
experimental [19-24], has been directed towards three- FIG. 1. Schematic representation of (a) a CEL in a ring cavi-
level and two-photon systems [15]. ty and (b) a RPG surface-emitting semiconductor laser. Both

In Fig. I(b) the structure of a RPG surface-emitting laser structures incorporate a X/2 periodic-gain medium. For
laser with integrated epitaxial mirrors is shown (25-281 the CEL system this gain medium is placed in a ring cavity. For

gwhere only a few layers have been illustrated to simpl the RPG laser, high reflectors (4/4 stacks of ALM and
the picture. A standing-wave optical field is shown in re- A I.-, Ga. As) are epitaxially grown along with the gain medium
gistration with the quantum-well gain layers. This results forming a high-Q Fabry-Pirot cavity.

44 4599 991 "The American Physical Society
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in an enhanced light-matter interaction. These layers in- been rapid, and efficient cw operation under optical
herently operate in a single longitudinal mode because of pumping has been achieved [26,271. A schematic of the
the short cavity lengths and, hence, large free-spectral RPG structure is shown in Fig. I(b); for details of various
range compared to the gain bandwidth. Although a configurations Refs. [1-4, 25,26 should be consulted. In
quantum theory of a CEL based on a spatially periodic the following, an oversimplified semiclassical theory is
gain medium in a ring cavity has been developed [291, the developed using the density-matrix formalism.
analysis was directed towards noise quenching and the The density-matrix formalism [321, developed original-
enhanced light-matter interaction aspect (which is a key ly for a two-level system, has been applied by several an-
concept in RPG lasers) was not emphasized. thors (30,33-37] to the analysis of the linear and non-

In this paper, we present an approximate semiclassical linear contributions to the optical gain in semiconductor
theory of RPG lasers (and compare with CEL), treating lasers. The optical properties of a semiconductor are
the valence and conduction bands of semiconductors as a mainly determined by the conduction and the uppermost
homogeneously broadened two-level system [301 where valence bands. In the case of quantum-well structures,
the Fermi-Dirac distribution for the equilibrium carrier the subband transitions with the An =0 selection rule
population is used instead of Maxwell-Boltzmann distri- dominate. Physically, the dominant optical transitions
bution. The RPG semiconductor medium is placed in a are those which involve an electron-hole pair whose wave
Fabry-Pirot cavity such that standing-wave optical-field functions have maximum spatial overlap, i.e., an electron
interaction is enhanced by locating the thin sections of in the conduction subband and holes in the valence sub-
the gain medium (quantum wells) at the antinodes (1-4]. bands having the same quantum numbers. This
Enhancement in the gain coefficient and contributions to simplified picture suggests an analogy with a two-level
mode-pulling effects due to the RPG structure are evalu- atomic system. A theoretical derivation, as well as a
ated. In RPG medium, amplified spontaneous emission geometrical picture of an equivalent electronic dipole mo-
in the directions transverse to the lasing axis is reduced ment in a direct band-gap bulk semiconductor, has been
because of the small overlap between optical field and given (35]. The Bloch functions for electrons in the con-
gain sections 13]. It is straightforward to adapt the for- duction band and holes in the valence bands were used
malism for any two-level system, instead of two-band for calculation of dipole matrix elements. At band edges,
semiconductors which in reality are quite complex and the periodic parts of the electron and hole Bloch tunc-
require several approximations. tions have S-like and P-like symmetries, respectively, and

Relationships between a ring cavity CEL and a Fabry- light- and heavy-hole wave functions are orthogonal to
Perot cavity RPG surface-emitting laser are discussed. each other. For quantum wells, the band gap increases
Although both lasers make use of spatially half-wave and the electron-hole interaction is modified as a result of )
periodic-gain media, they differ in cavity feedback mech- spatial localization. The dipole strength increases and
anism. In a CEL, the ring cavity does not influence the the degeneracy between light- and heavy-hole subbands
operating wavelength, rather counterpropagating run- at K =0 is lifted. For GaAs/AlJ_,Ga5 As quantum
ning waves of the same frequency interact with periodic- wells, the electron-heavy-hole band gap is smaller than
gain medium and become correlated [29]. On the other that of the electron-light hole.
hand, in RPG surface-emitting lasers 1-4), the Fabry- Here, density-matrix equations for a semiconductor,
Perot cavity mode strongly affects the operating frequen- similar to those developed by Agrawal 130] and Kazari-
cy and influences [311 the interaction of the optical field nov, Henry, and Logan [34], are used to determine the
with periodic-gain medium. A simple physical model, effects of the RPG spatial structure on the linear gain.
based on the radiation pattern of a periodic dipole array, The analysis begins with the relations between the medi-
demonstrates that, not surprisingly, common physical um polarization (driven by the electric fields) and the of-
processes, e.g., quantum interference effects, govern the diagonal density-matrix elements and proceeds to calcu-
behavior of both CEL and RPG lasers. late the polarization of the semiconductor medium inside

The organization of this paper is as follows: In Sec. II a Fabry-Perot cavity of total length L (along the z axis)
we develop a semiclassical theory of RPG surface- following the procedure described in Ref. [32]. Then, the
emitting laser, where gain coefficient, mode pulling and linear gain and frequency determining relations from the
pushing, and saturation terms are derived following the self-consistent laser theory are used to show the contribu-

method of R f. (32). In Sec. III, the basic physical pro- tion of additional terms arising from the spatial periodici-
cesses resulting from light-matter interactions in RPG ty of the medium.
surface-emitting lasers and CEL in a ring cavity are dis- As pointed out above, in the density-matrix approach
cussed. Common features and differences between RPG for semiconductor lasers, the conduction-band state c)
and CEL structure are identified. The relationships be- and the corresponding valence-band state I u) participat-
tween these laser systems are further illuminated by con- inj in the band-to-band transitions are modeled as a
sidering the radiation pattern of a X/2-spaced dipole ar- "two-level system" analogous to that of Ref. (32]. The
ray in Sec. IV. Finally, in Sec. V, concluding remarks dipole moment between conduction and valence bands is
summarize the present status of RPG lasers in the con- denoted by d. and an explicit calculation is carried out
text of semiconductor-based CEL in a ring cavity, following [35) except for the quantum confinement effects )

due to quantum wells. In a semiconductor medium, the
IL SEMICLASSICAL THEORY OF RPG LASER carrier population follows Fermi-Dirac statistics (for

RPO surface-emitting semiconductor lasers were pro- both the electron and hole populations in their respective
posed [I] and demonstrated 1-4] recently. Progress has bands), as contrasted to the two-level atomic systems
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obeying Maxwell-Boltzman statistics. Coulomb effecta, (7)
carrier-carrier scattering, and phonon interaction all play
an important role in establishing the Fermi-Dirac distri- andO bution on a subpicosecond time ale and medium (8)
behaves as a homogeneously broadened system [38].

The polarization P(z,t) caused by the field E(zt) in-a where the dot means the time derivative and where the
medium along the z axis can be obtained by taking the light-matter interaction is contained in the term
trace of the induced dipole moment d,, with the density Ver - V*, r, and y. are intraband energy relaxation rates

matrix and summing over all possible band-to-band tran- for the conduction and valence band, respectively, and
sitions w,, are connected to T, (32]. Here, y is the polarization re-

laxation rate (y- = T2 where T2 is the dipole dephasing
P(z,}- X dffpc,(zt)+dC, p(zt)] (I) time) and w, is the transition frequency. F, and P, are

or the occupation probabilities of electrons and holes in
or fquasithermal equilibrium and are determined by quasi-
rP(zt)= fd'Dw()(z,t)+p,(z,t)]d , (2) Fermi levels of the conduction and valence bands, respec-

whered.=d.=..d' is taken as real and D(oj) is the den- tively. The quasi-Fermi levels result from the pump

sity of states per unit volume; p, and p. are the off- source, e.g., optical or electrical pumping. Spontaneous

lelements of the density matrix. The polariza- emission is not included in this simple model. The light-
tion in the medium in Fabry-Prot cavity can also be matter interaction term can be written explicitly as

expanded in terms of complex amplitudes and the cavity = - E)
eigenmodes [32], g. I E.(t)exp[ -(v.t +"2)-U(z+c.c., (9)

P. (t) ( where the summation runs over all of the optical modes.
P(z) ---- exp[ -i(vt + )]U.(z)+c.c. , (2) In order to calculate the first- and third-order terms of

the induced polarization, Eqs. (S)-(8) are solved (see Ap-

where PM(t) is the complex amplitude, v. the frequency, pendix) using slowly varying amplitude approximation,
#. the phase, and U.(z) the cavity mode profile for the leading to rate equation approximation. Contributions to
nth-order mode of the empty resonator. The complex the linear gain coefficient a, saturation parameter 0, and
amplitude P.(M is obtained from Eqs. (2) and (3) in the frequency pulling and pushing terms are derived using

, rotating-wave approximation [32,37], the explicit expression for polarization in the self-
I.. ) consistency equations [32]. For a single longitudinal

P,(t) = -exp[i(v~t +#.)] mode (RPG lasers inherently operate at a single longitu-
L dinal mode because of large mode spacing in the short

L (4 cavity) including only up to third-order polarization
• terms, we find

Z fIU. (Z) 2dZE 2 E, (10)

is a normalization factor. [ -
To obtain PM(t), the off-diagonal element of the density v+4=fl+ 1 9IE2 (10b)

matrix p4 ,(z,t) is evaluated by solving the formal density Y, a

equations for a two-level or a two-band, i.e., for a semi- where f1 and Q denote the passive mode and -Q' of the
conductor laser [30,33-37] under steady-state conditions. resonator. Here,
We take a special case of a semiconductor medium from IIsin( k., )
which RPG structure can be fabricated relatively easily. a-a coso +-Co -l)--,--
The density-matrix equations for a semiconductor laser k( Ik
are used from Refs. [30,34], with a simplified notation for sin(m rk 3 /k,) 1
the components of p(z, ),X . (Ila)

.-r.Pp m sin(fk. Ik,)1 (a
and, where ao depends on quasi-Fermi levels p, and p.

.= -Y .(P. - )+ ±( VPx - Vp), (6) and polarization relaxation rate y [see Appendix, Eq.

3d2 Y.+ Y. ao - sin(k.L,) Co w( k3  sin(m rk 3 /k,)
S~~~~&J~ m2yy W-.2y, 3 k , i sin(wk, /k,)

+I sin(2k,L Cos 4k+ 2m -IU t.1I sin(2m k/k,) I
3OO k, J msin(irks/k,) " (I b)
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?, the saturation Farameter, depends both on polarization mode frequency nl and medium frequency &, with
ehuztion y and intraband relaxation rates y, and y, weighting factors unity and S, respectively. For S << 1
aid through a0 it also depends on quasi-Fermi levels the laser frequency approaches ft, and with >>I the
vhich take into account interband relaxations. Typical- operating frequency is "pulled" towards the medium fre-

y, large values of y, 10'3/sec (34,36], allow the use of the quency, especially in the case of a poor cavity Q, vmw,.

rate-equation approximation. In the above expressions, In the steady-state case, Eq. (10a) gives
k4 =nlrvL with n (integer) that the number of half wave- a V (16a)
lengths in the unpumped cavity mode and L the total 2Q '

cavity length, L, (<<X) is the thickness of an individual which leads to a stability factor
quantum-well gain section, k,=21r/A, where A, is the
resonant wavelength set by the physical spacing of the S =v/2Q2V (16b)

quantum wells, m is the total number of quantum wells, and
and #M = k.ao where ao is the spacing of the first quan-
tum well from the z =0 end of the resonator. Here, ao is yfl+(v/2Q)M,
the usual gain coefficient (scaled appropriately for the +v/2)
thin-gain sections) as given in the Appendix [cf. Eq. which is the same as for the uniform gain medium lasers
(Ai7)]. These equations show a resonance behavior, the [32]. From this resvlt, it is apparent that for low-Q cavi-
term Isin(mirk/k,)/[m sin(rk,/k,)]] is just (-J)" ties, i.e., v/2Q >>, the operating frequency v ap-
for k. = k, and is of order I/m for k,8 Ak,, the width of proaches o,, the medium frequency, and in case of high-
the resonance scales inversely as the number of quantum Q cavities v/2Q <<y, the laser frequency v approaches
wells. This behavior has been discussed previously for fl, the cavity mode.
RPG lasers [31. Additional insight can be gained into
these equations by considering the resonance case n -im, IlL PHYSICAL PROCESSES IN RPG
k. k,, and # =v/2. Under these conditions, AND CEL LASERS
cos124p. + (m - 1)irk/k, ]--(-1) and Eqs. ( 1) simpli-
fy to In this section, the fundamental processes resulting

from enhanced light-matter interaction in RPG-based

a sin(kL2) ( surface-emitting lasers [1-4,25-28] and a ring-cavity
aa kL1 () CEL (9,29] are discussed. The theory of correlated emis-

sion in the periodic-gain medium in a ring cavity was )
and developed by Krause and Scully (29] using a fully

3 aquantum-mechanical treatment, where various %,oeffl-
d 42 Y (W, -v)2.y 2  cients for linear gain (a 1 ) and nonlinear terms (Pij;km)

I I +were derived. A complete quantum-mechanical formula-

X I I 4 sin(k, Lz) + I sin(2k, L.) tion of the CEL problem was most appropriate to analyze
XI 3 +L 2,L . (12b) the correlation of spontaneous emission which arises

k. 3 2k.LZ from the cross coupling of counterpropagating modes in

For k.L 1 << 1, which is the case for quantum-well struc- the periodic-gain medium of a ring cavity. On the other

tures, the gain is doubled on resonance and the saturation hand, while considering a RPG medium in a Fabry-Perot
p ey actor of . cavity, the electromagnetic fields can be described classi-

parameter is increased by a fcally and a semiclassical laser theory described in Sec. II
For an insight into the modal frequency behavior, we is sufficient to explain the results and predict the behav-

neglect 4, i.e., ignore dispersion effects [32,36], and write ior.
the equation Since both the ring-cavity CEL (9] and RPG surface-

(W,-V) emitting [1-4] lasers (in a Fabry-Perot resonator) utilize
v t-l+ (a -E2). (13) half-wave spatially periodic-gain medium, it is

worthwhile to compare the fundamental principles in-
When the term PE 2 is small, we find that mode pulling is volved in noise quenching via correlated spontaneous
increased for RPG lasers (compared to the conventional emission, and enhanced gain and satuiation coefficients.
uniform gain medium lasers) because of gain enhance- The fundamental linewidth of laser radiation is due to
ment. spontaneous emission events in the lasing medium. In an

Equation (13) can be recast as atomic medium laser, this leads to the well-known

11 +S(0, Schawlow-Townes linewidth. In semiconductor devices,
V- ,S (14) the strong coupling between the ain and the electronic

contribution to the refractive index gives rise to substan.

where tial increases in this linewidth 139-41). The linewidth in
a- E 2  a RPG surface-emitting laser is as yet an open question.

- a-- 2  (15) In the present discussion, we treat the problem as if it
V were a striated gain medium of independent oscillators

S is the stability factor. From Eq. (14) it is seen that the and quote the results from the CEL calculations [29] for
laser frequency v is a weighted average of passive cavity the diffusion coefficient of the relative phase angle D(S)
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between the two degenerate counterpropagating modes in um can provide twice the gain but it also saturates at
the ring cavity: lower intensities. It is interesting to note that the linear

j)(8=(4p)-'ajj~22-ajjcs#)gain and saturation coefficients, Le., Eq.. (12a) and (12b)I) (C can also be derived from Eq. (19) and (20) simply using
(18) uj(Z) as Fabry-Pirot mode functions for i =J, etc.

.i2 'For the frequency behavior of RPG lasers, Eq. (13) of

where a0j and Pq~. are gain and saturation coicients, Sec. II predicts strong mode-pulling effects which should
whderoe ndthe average number of photons in each mode, lead to a stable frequency operation. The nonlinear satW-

denotes the+(vi-wge wh er of pho ts each o de, ration term, however, counteracts at high intensities and
and r=+h(vs-bv2 )i where the subscripts refer to the rqis in

two counterpropagating modes in the ring cavity.

In order to achieve noise quenching between the two teresting to note that the steady-state modal frequency

modes, the diffusion coefficient D (0) should vanish. This behavior of the RPG laser under saturation conditions

i can be achieved when all gain and saturation coefcients approaches that of a uniform medium laser. However,
under pulsed and modulated conditions, RPG would ex-

become equal, i.e., 1 -- a l-a2  aditl; l hibit highly stable frequency operation.
-l 12 ,ti;:-_-8 ~ Then the diffusion coefficient will

vanish provided #=0 or nonlinear saturation effects lead IV. RADIATION PATIERN
to D(0)=0. The equality of various coefficients a0 and OF A PERIODIC DIPOLE ARRAY

can be achieved by interference of two counterpro-
pagating modes in a ring cavity at the thin sections of a Insight into the common physics underlying the behav-
periodic-gain medium. ior of both RPG and CEL lasers can be gained by consid-

To show the role of periodic-gain medium, we repro- ering the radiation patterns associated with a three-

duce the expressions for aij and Pij;. from Ref. 129) in dimensional periodic radiating dipole array. Assume, as

* original notation: in Fig. 2, an array of dipole oscillators with equal dipole
1I (19) moments, p =pe3, aligned in the z direction and located

a, 0 - /o,, (z)u(z)u,(z~dz (19) by the position vectors

and r = miaej, (22)

PjI'r~r", - 1/2o-"n(Z)u 1 (Z)uJ(z)u&(z)u (z)dz where the a1 are the unit-cell distances in the ej direc-

where u1 (z) are normal mode functions and n (z is linear
i density of gain medium. For traveling waves in a ring

cavity the normal mode functions can be expressed as *
• -

ut(z)=exp(1kz), u2(z)exp(-ikz). (21) .. .. .y.......--; .. .......
It is easy to show that with spatially periodic,, (z) with "- ----------.'" '

z =jir/k, i.e., (j1/2) periodicity with j an integer, the --- ----'*- - -

* diffusion coefficient vanishes, whereas for a uniform gain
medium with n(z)-n 0 (constant) it does not. It is im- -. ..

portant to note that the ring cavity does not influence the ---- I - -

lasing frequency; rather the periodic-gain medium pro- ......----
vides a constructive interference between the propagating : i * a',, t ,,, ....... --- - -....-- ()

modes. I _

On the other hand, in RPG surface-emitting lasers the :/
"  . t.

Fabry-Perot cavity plays an important role [311. The a,
Fabry-Perot cavity formed by the integrated multilayer

high reflectors around a 4-5-pm-thick RPG semiconduc-
tor provides a standing-wave optical field. The antinodes z
of the standing-wave optical field must be in registration
with the thin sections of gain medium (i.e., quantum
wells) for an optimal interaction between the light and ac-

ematerial. Also, the short cavity length and conse-
qt .nt large longitudinal mode spacing leads to single Ion-
g udinal mode operation of such microlasers. As seen

from Eqs. (12a) and (12b) in Sec. II, additional terms arise
in both the linear gain and nonlinear saturation (b)
coefficients as a result of the 1/2 periodic medium. The
filling factor (L,, .,) in Eq. (AlIb) in the Appendix sim- a,
ply indicates that the .ain is proportional to the cumula- FIG. 2. A periodic dipole array. All of the dipoles are orient-
tive thickness of the active medium. Compared to uni- ed in the z direction and spaced by a,, ae, and ae along the
form gain medium of the same total length, RIPG medi- coordinate axes, respectively.I
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tions and mj are integers. The radiated power from this standing-wave pattern, even in the absence of a Fabry-
array is simply given by [421 Pirot cavity. t_,is also results in the elimination of spon-

13 1 i(IJ/) 12 taneous emission fluctuations in the phase between the
S=So(nnn 2 co 2 e8 r , (23) two counterpropagating modes in a CCEL, ring cavity. A

j -t njsin(yj /2) photon spontaneously emitted into, say, the forward
direction gives rise to amplified spontaneous emission and

where fluctuations in both the amplitude and phase of the radia-

E y=ka sin()cos(qV)+P , tion in the forward and backward propagating modes be-
come correlated. On the X/2 resonance, precisely the

y-2=kasin(0)sin(9))+P 2 , same fluctuation occurs for the counterpropagating

I y3=ka 3cos(0)+93 1.0

and k =)/C, nj is the number of oscillators in the jthE direction, Pj is the phase shift between adjacent oscilla-
tors in the jth direction, and S0= (p /2r 0 )2 is the radia-
tion intensity of a single oscillator. Note the similarityE between the structure of this equation and the equation 0.0
for the gain ".;, the RPG structure derived earlier [cf. Eq.

For stimulated emission, the phase relationships be- -0.-
I tween these oscillators are simply set by the distances aj

and the propagation direction of the initial plane wave. .00
For an incident wave propagating in the xy plane at an -1.01

angle of * to the x axis and polarized in the z direction, 1.0I the phase shifts are 01 =ka Icos(O), P2 =ka 2Sn(O), and-(b
03=0. Thus, in the equatorial xy plane the expression for /
the radiated power simplifies to 0.5 /

S sin 2(n yl/2) sin2(n2y2/2) (I$S(nn 2 n) 2S$O sin (r 1 /2) n2sin (24) 0.0

with (
yI T=ka[cos(q))-cos()J -0.5 ka -0.99w

and \ /I -
y2=ka2[sin(f)-sin(O)] . -1.01 ' 1

Figure 3 shows the angular distribution of the radia- 1.0 - , ()
tion from an ensemble of 32(x)× I00(y)X 100(z) oscilla- /
tors ivith phases determined by an incident wave travel- 0./
ing along the x axis from the left (#'-0) with \'

I a2 =a3 =l/(40k); the values for ka, are shown. These
angular distributions have been normalized by 0.0,
((nn 2n3 )2So]' i.e., the radiation in the forward direc-
tion as a result of the coherent addition of the fields from

- all the dipoles, is (ntn2 n3 )2 more intense than the radia- -0.5 \ U- o.W5W
* tion from a single dipole. The important point to note is .0e

that* the radiation intensity in the backward direction is
equal to that in the forward direction for a half-wave -1.0 -0.5 0.0 0 C .0
periodic structure (top). Deviations from this periodicity
lead to a suppression of the backward radiation. Of FIG. 3. Angular radiation pattern in the equitoria xy plane
course, the sensitivity of the backward radiation to the for a periodic array of 32(x) 100(y) 100(z) dipoles. The di-I periodicity, or equivalently the wavelength, scales in- ples are closely spaced in/40) in the y and z directions. The
verselyspacing in the direction is given in each segment. The relative
lobes is reduced, but the intensities in the forward and phases have been adjusted to correspond to excitation by a
bckwa direcdobut are uncnied. ithe frardand plane wave incident from the x direction. Note that for a X/2i backward directions are unchanged. The radiation pat- spacing, (a) the radiation pattern is twofold symmetric with

tern in the equatorial plane is independent of n3. equal intensities in both the forward and backward directions.
This backward radiation is a manifestation of the Away from the X/2 condition, b) and (c), the backward radia-

factor-of-2 enhancement of the gain in the RPO struc- lion decreases dramaticaly. This symmetry is responsible both
tur. The radiated fields add coherently to both forward for the suppression of noise fluctuations in a CEL and the gain
and backward waves, i.e., they couple optimally to a enhancement in RPG lasers.
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waves as a result of the bidirectional radiation (and gain) the U.S. Air Force Office of Scientific Research and the
I pattern Off-resonance, and in particular for a homo- CAS portion by the Office of Naval Research.

geneous gain medium, this relationship is not preserved
and the amplified spontaneous emission phase fluctua- APPENDIX

tions for counterpropagating waves are uncorrelated. The solution of the density-matrix equations is carried

I V. CONCLUDING REMARKS out using a perturbative procedure (321, starting from a
formal integration of Eq. (7) over the time interval from

Before concluding, we summarize the present experi- -o to t (which includes all the contributions to the po-
mental status of RPG lasers and initial trial experiments larization up to the time ). The analytic evaluation is
using RPG medium in a ring cavity. Since the first carried out in the rate equation approximation (32] which
demonstration of optically pumped RPG lasers (1-4], a makes the assumptions that the population difference
great deal of progress has been made and cw operation of (p,, ) and other quantities #,, d', and E,(t) do not
these laser structures has been achieved. Recently, high- vary appreciably in a time period y - (dipole dephasing
efficiency (>45%), narrow-linewidth (-0.025 nm) cw time TI). For simplification, only a single-mode interac-
lasing at room temperature has been demonstrated tion is considered such that only the nth mode terms are
both in the GaAs/All-GaAs- 126,27] and used from Eq. (9) of Sec. II. The following expression is
Int_,,GaAs/A1_,Ga As-based RPG structures. The obtained forp.:
In,_.,Ga, As/Alt_,GaAs material system is very
promising for the ring-cavity CEL, because the GaAs -E t)

substrate is transparent at the lasing wavelengths. RPG P= 241 (P. -P.)

structures with 20-period 8-nm-thick In02Ga0.&As quan- exp[ -i(v~t +#,)]
tum wells and Alo. 2Ga0.&As half-wave spacers X (Al)
sandwiched between AL 25Ga0.75As/AIAs integrated Y +i(W,-V.)

multilayer high-reflectors, all fabricated in a single Substitution of Eq. (Al) for p, , and using pc -p, and
metal-organic chemical-vapor deposition growth cycle, V. = V., in Eqs. (5) and (6) yields
have delivered -40-mW cw power at -930-940 nm at
room temperature. Single-ended power efficiencies a=-'(p -P.)-R(p-p.), (A)
> 43% for optical pumping at 740 nm have been demon-
strated. Based on these results, we have grown RPG AM -Y(P,-pm ) +R(p. -p.), (A3)

* structures with 40 and 60 periods of -nm-thick where
e Ino.2Gao.sAs quantum wells and Al 0 2Ga0,As half-wave d = 2 E1U.(Z) ?4

spacers on GaAs substrates with both sides polished. ni- , 2  Ez i+( _---V )

tial photoluminescence studies show intense radiation
centered around -930 nm with an anisotropic distribu- In a steady-state case the rate equations for carriers, i.e.,
tion in a narrow angle rather than a uniform photo- p, and p. for electrons and holes, respectively, Eqs. (A)
luminescence (PL) from a Lambertian source. This direc- and (A3) give
tionality of amplified spontaneous emission is consistent
with the calculations in Sec. IV. However, to use these - e - , (AS)
In -1 ,Ga ),As structures in CEL ring cavity, an P' - I+RIRs v

antireflection coating (reflectivity -0.1%) is required be- where
cause of high Fresnel reflectivity of Ail_,Ga,As and
GaAs surfaces (-30%) and it is very difficult to use A.= Y,/( A€+y.).
these high-index materials (n =3.40-3.64) at very large
Brewster's angles. Substituting this in Eq. (Ai) and then the resulting ex-

In conclusion, we have developed a semiclassical pression for p, into Eq. (4) leads to

theory for resonant periodic gain lasers using the particu- L D(W, )d' 2E,(t)
lar case of the surface-emitting semiconductor lasers. P,(1)=(-i/Lf)f, f
The theory based on a simple two-band model analogous +
to the two-level atomic system predicts the gain enhance-
ment and frequency selectivity in the resonant periodic- X dow, IU.(z)j 2dz
gain laser. The common physics of the resonant I+RIRS
periodic-gain medium and correlated emission ring cavity (A6

laser is also discussed. An exact evaluation of the integral over , is difficult be-
cause R also involves terms containing (w, - v.). How-
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S(0, -V. )+iy D(o) This relation is the same as that found for gas lasers (321.
P"()= () 2 +r 2  £* To evaluate the integral in AT) the usual procedure is to

expand (I+R/R,)-' under the assumptioa that E.(t),
the field amplitude, is small, and hence R is much smaller

X " 2EA(I) , I - R jU(z)12d. A7) than the saturation parameter A,. Therefore, we give
o- I +R /iA. "here only up to third-order polarization terms explicitly,

P3t) W ~ ) fd2E__&_p__._jd__1"E()(Pe-.) U(Z1d
P o,-Av-iy 1 RS

where the ellipsis represents higher-order terms, or ignoring higher-order terms,

PIM) I D W) (I+12) A)
(o,-V.)-iy £01

Consider the first integral 11 in Eq. (AS). In the RPG medium, thin-gain sections (quantum wells) are spaced at half-
wave intervals. The Fabry-Pirot cavity modes are represented by .I(z)=sink.z where k.-njr/L. Since only the
quantum-well region provides the gain, i.e., (p -pF, ):0 only in these regions, the integral over the cavity length can
be divided into n integrals each extending over the quantum-well thickness in each half-wave section with appropriate
phase correlation between integrals. Thus,

l, =d'2E.(t) fLsin2k, ,j I ao+ 10+ e l 1-u. IaO+ lm -1) +L dt W)

I Here u, are unit step functions, k,- 2r/k, where ., is the half-wave resonance set by the structure, a0 is the distance
from the edge of the cavity (z =0) to the center of the first quantum well, and m is the number of quantum wells of

I thickness L,.
The transition dipole d' is approximately constant over the quantum-well dimension and has been pulled out of the ,'

integral. After some algebra, an analytic expression is derived for I, viz.,

2 -sn. o 2f.+ (m - l--k- Isin( rk. k,.) AO

where 4p* k. ao.
The second integral 12 is similarly evaluated using the value of R from Eq. (A4),

_________~~_).I 4srkL5 Irk sin( m irk, Ik,)

12 A it, (ov,, +l T kML. k, m sin(rk. /k,)

+ sin(2kL,) os4 k. sin(2mvk./k,) 1
3 2k.Liz 1 m k, I isin(2vk/ /k)

(All)

Substituting Eqs. (A10) and (All) for integral terms in +4 11. - v(
S Eq. (AS), the complex polarization PM(t) can be written - e ((A

up to third order as where Q. is the cavity Q and ft is the nth mode of the

P.(t)= p.1)(1)+ PI1(t), (A12) cold cavity. Using the explicit expression for P.( ) in
Eqs. A13) and (A14) we find for the single-mode case,

where the superscripts refer to the dependence of E(t).A
Gain and lasing frequency are determined using the self- - E +(a-PE2 )E, AlS)R
consistency equations from the semiclassical laser theory 2Q
[321, namely, v+4=fl+ w'_v-- PE' ,.A6

+(-£) -- tal 6).] (I
2Q, 2eO ( where

IIm~m,~ 2E0 m
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acsoli Slf~k~t~a) 1 (with E'
ka, ___X,-A"

ao2 ftI(i- +y

sin(m rk /k,) J
X I AI (Al7b)

m sjn(irk8 Ad, (l a nd

10_2_ 1r jyI+.I osin(k.Ls) 24p +k (m -in(m rk 3Ik,)
8 4 Yr ..... )22 3 k.L eo k,' rn I in ,/ )

+ _L k, rn.L sin(mik. Lc)
H~~ ~ YJI(~) y 1~ 2k.LZ S14) ~+ 2(m 1)wk m sin(rnik:/k,) f. (AI7c)

*Present address: Department of Physics, University of 12 1] L-A. Wu, H. J. Kimble, 3. L. Hall, and H. Wu, Phys. Rev.INorth Carolina, Charlotte, NC 28262. Lett. 57, 2520 (1986).
tAlso with the Department of Electrical & Computer En- [22] B. L. Schumaker, S. H. Perlmutter, R. M. Shelby, and M.

gineering and the Department of Physics & Astronomy, D. Levenson, Phys. Rev. Lett. 36, 357 (1987).
University of New Mexico, Albuquerque, NM 87131. (231 M. Ohtsu and K.-Y. Liou, Appi. Phys. Lett. 52, 10 (1988).

[1) S. R. 3. Brueck, C. F. Schaus, M. Osinki, J. G. Mclnerney, (24] P. E. Toechek and J. L Hall, in Proceedings of the Fifth
M. Y. A. Ra*n T. M. Brennan, and B. E. Hammons, US International Quantum Electron Conference, Baltimore,
Patent No. 4,881, 236. 1987. IQEC Technical Digest Series Vol. 21 (Optical So-o

(2] M. Y. A. Raja, S. R. .1. Brueck, M. Osinski, C. F. Schaus, ciety of America, Washington, D.C., 1987).
J. G. Mclnerney, To M. Brennan, and B. E. Hammons, [25] C. F. Schaus, H. E, Schaus, S. Sun, M. Y. A. Raja, and S.

Appi. Phys. Lett. 53, 1678 (1988). R. J. Brueck, Electron. Lett. 25, 538 (1989).
[3] M. Y. A. Raja, S. R. J. Brueck, M. Osinski, C. F. Schaus, 126] C. F. Schaus, M. Y. A. Raja, J. G. Mclnerney, H. E.I J. G. Mclnerney, T. M. Brennan, and B. E. Hammons, Schaus, S. Sun, M. Mahbobzadeh, and D. R. .1. Brueck,

IEEE J. Quantum. Electron. QE.25, ISM0(1989). Electron. Lett 25,637 (1989).
[4] S. W. Corzine, R. S. Geels, 3. W. Scott, L. A. Coldren, and [27) P. L. Gourley, To M. Brennan, B. E. Hainmomi, S. W. Cor-

P. L. Gourley, IEEE Photonics Technol. Lett. 1, 52 (1989), zine, R. S. Geels, Rt. H. Yan, J. W. Scott, and L A. Col-

and references therein. dren, Appl. Phys. Lett. 54, 1209 (1989).
[5] H. Matsueda, J. Lightwave Technol. LI-S, 1382 (1987). [28] P. L. Gourley, S. K. Lyo, and L. R. Dawn-an, Appi. Phys.
[6] S. Uchiyama and K. Iga, Electron. Lett. 21, 162 (1985). Lett. 54, 1397 (1939).
[7] Z. L. Liau and 1. N. Walpole, Appi. Phys. Lett. 50, 528 1291J. Krause and M. 0. Scully, Phys. Rev. A 36, 1771 (1987).

(1987). (30) G. P. Agrawal, IEEE J. Quantum Electron. Q&-23, 860

[8] J. Nitta, Y. Koizumi and K. Iga, in Conference on Losers (1987).
and Electroptics, Son Francisco 1986, Technical Digest [3 1] S. R. J. Brueck, M. Y. A. Raja, M. Osinski, C. F. Schaus,
Series Vol. 8, "CLEO 1986" (Optical Society of America, M. Mahbodzadeh. J. 0. Mclnerney, and K. J.
Washington, DC, 1986), p. 382. Dahlhauser, SPIE 1043, 111 (1999).

[91 M. 0. Scully, Phys. Rev. A 35,452 (1987). [32] See, for example, M. Sargent III, M. 0. Scully, and w. E
[10] M. 0. Scully, Phys. Rev. [ett. 55, 2802 (1985). Lamb, Jr., Lower Phyisics (Addison-Wesley. Reading, MA,

[III M. 0. SCully and J. Gea-Banacloche, Phys. Rev. A 34, 1974).
4043 (1986). 133] M. Yamada and Y. Sueinatsu, IEEE J. Quantum Electron.

[ 12] W. W. Chow, J. Gea-Banacloche, L. M. Pedrotti, V. E. QE-IS, 743 (1979).
Sanders, W. Schlcich, and M. 0. Scully, Rev. Mod. Phys. (341 R. F. Kazarinov, C. H. Henry, and Rt. A. Logan, J. Appl.
57, 61 (1985). Plays. 53,4631 (1982).

[13] M. 0. Scully and M. S. Zubairy, Phys. Rev. A 35, 752 [35] M. Asada and Y. Suematsn, IEEE 3. Quantum Electron.
(1987). QE-21, 434 (1985).

(141 W. Schicich and M. 0. Scully, Phys. Rev. A 37, 1261 136] W. W. Chow, 0. C. Dente, and D. Depatie, IEEE J.
(1988). Quantum Electron. QE-23, 1314 (1987).

[IS] M. 0. Scully and M. S. Zubairy, Opt. Commun. 66, 303 [37] M. Sargent III, E Thou, and S. W. Koch, Plays. Rev. A 38,
(1988). 46730(988).

1 16] M. 0. Scully, K. Wodkiewicz, M. S. Zubairy, J. Bergou, (381 M. Sargent (private communication).
Ning Lu, and J. Meyer ter Vehn, Phys. Rev. Lett. 60, 1832 [39) A. Gamliel and N. George, J. Opt. Soc. Am. A 6, 1150
(1988). (1989).

(17]11. A. Bergou, M. Orszag, and M. 0. Scully, Plays. Rev. A [40] C. H. Henry, IEEE 3. Quantum Electron. QE-1S, 259

36, 754 (1988). (19821.
1181 K. Zaheer and M. S. Zubairy, Plays. Rev. A 30,227 (1988). [41] Y. Arakaws and A. Yariv, IEEE J. Quantum Electron.
1191 Rt. E. Slusher, L. W. Hollberg, B. Yurke, J. C. Mertz, and QE-fl, 1887 (1980, and references theresa.

J. P. Valley, Plays. Rev. Lett. 55, 2409 (1985). [421 See, for example, J. A. Stratton, Electromagnetic Thu'orp
120] ft. M. Shelby, M. D. Levenson, S. H. Perlmutter, R. 0. (McGraw-Hill, New York, 1941).

DeVoe, and D. F. Walls, Phys. Rev. Lett. 57, 691 (1986).



I

I HIGH POWER, DIFFRACTION LIMITEDWIDE STRIPE INJECTION LASERS,

USING AN EXTERNAL RESONATOR FOR TRANSVERSE MODE FILTERINGI
Morris B. Snipes, Jr., and John 0. Mclnerney

Optoelectronic Device Physics Group, Center for High Technology Materials
University of New Mexico, Albuquerque, New Mexico 87131-6081

May 14, 1991

INTRODUCTION long-distance propagation. Some of the

During the last three decades applications for which high power laser

tremendous progress has been made in diodes are needed are illumination,

the area of semiconductor injection laser detonation, high speed optical printing,

research. Innovative laser structures, in long-haul optical fiber communications,

particular the double-heterojunction, bio-medical lasers for use in surgery,

have made room temperature injection and for pumping of solid state materials.

lasers a reality, and improvements in Our research has focused on developing

materials growth have given a new method of producing high power

semiconductor lasers greater reliability, sources which require relatively easy

longevity and better performance than processing, simple optical components,

early devices. As the technology has and produce diffraction limited output.

grown, semiconductor lasers have been

called upon to provide solutions to new THEORY

and different engineering problems, and The maximum optical power from a

also to provide alternatives to other, semiconductor laser is determined by the

more expensive and/or inefficient, catastrophic facet damage threshold

technologies. One of the major density. Since this limit is directly

engineering challenges has been to related to the emitting area, greater

produce high power diode lasers, which output power can be attained by

operate in a single, diffraction-limited increasing the lateral width of the

optical mode. A diffraction-limited pumped region. However, along with

beam can be focused to minimum spot higher output power, the increased width

I size, and can easily be coupled to other promotes the propagation of higher

optical components, with the most order optical modes in the waveguide.

efficient optical power transfer. Depending on the width of the laser

Efficient energy transfer is essential for stripe, and the level of pumping, it is

waveguide to fiber coupling and possible to propagate several higher

I
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order transverse modes concurrently. to a stripe mirror. The stripe mirror was3 Higher order optical modes must be used to couple one lobe of the far field

suppressed in order to achieve a back to the array cavity, and hence

diffraction-limited beam. reinforce single mode operation. With

their experimental setup they were able

To avoid the creation and propagation of to attain a nearly diffraction-limited

higher order modes, the phased array fundamental optical mode at upto twice
was developed. A laser array is formed the laser threshold current.

by closely spacing individual emitters,

all of which have common electrical Our experiment employs a configuration

contacts. Since the emitters are very similar to that used by Ruff, et al. [51,

closely spaced, their optical fields are and is shown in Figure 1. This

* coupled to one another. However, in configuration allows a stable cavity to be

general, adjacent emitters produce formed in the transverse dimension, as
outputs which are 180 degrees out of shown in Figure la, and an unstable

phase with one another. Due to this out cavity in the lateral dimension, shown in

of phase condition, the far field pattern lb. To achieve the stable cavity, the3 produced by laser arrays is typically beam is collimated in the transverse

double-lobed, and hence, not diffraction- dimension by the first lens, it traverses

limited, the length of the cavity through the

second (cylindrical) lens, is reflected by

Many schemes have been tried to force the external mirror, and returns via both

the fundamental mode operation of laser of the lenses, to be coupled into the

arrays, i.e. chirped arrays [1], Y-stripe narrow optical waveguide of the laser

arrays [2], and leaky mode arrays [3]. diode's graded index region. The
These have had only limited success cylindrical lens has no effect on the

over a narrow injection range. More beam in the transverse dimension. In the

recently, researchers have made use of lateral dimension, the beam leaving the

external cavity schemes to control not semiconductor gain medium is brought

only the undesirable double-lobed laser to a focus close to the second surface of

array far field, but also to suppress the first lens because of the transverse

higher order modes in a simple wide collimation, and then diverges toward
stripe laser [4,5]. The experiment the second lens. The cylindrical lens

performed by Chang-Hasnain, et al. [4], causes the beam to converge onto the

used an anti-reflection (AR) coated laser external mirror, where it is reflected

array, coupled through a GRIN rod lens back through the lens system. When the
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lateral component of the beam arrives model has been developed by Dente [8],3 back at the facet of the laser diode it has who included beam propagation within

been magnified, and a portion of the the gain medium.

beam is spatially filtered by the optical

waveguide formed by the laser diode.
Since all of the waveguide modes form EXPERIMENT
an orthogonal set, only outgoing and The laser structure used in our research
returning modes of the same order will was a GRaded INdex, Separate
interfere with one another. By adjusting Confinement Heterostructure, with a
the cavity such that the outgoing Single Quantum Well (GRINSCH-
fundamental mode overlaps with the SQW). A diagram of the laser material

returning fundamental mode to a greater and band structure is shown in Figure 2.
degree than higher order modes, the Using a simple processing sequence,

fundamental mode has less cavity loss, requiring only a single mask, lasers
or larger modal gain, and as such will be having stripe widths of 50, 75, 100, and
the preferential lasing mode. 150 Am were fabricated. The process

makes use of a silicon nitride layer to3 It has long been known that a good define the pumped region. Processing of

approximation of semiconductor lasing these lasers was begun by growing 1000
modes, in each transverse dimension, are A of Si 3N4 onto the epitaxial layers,

simple Gaussian beams [6]. For our using standard LPCVD technique.
simple model, Gaussian beam optics Photo-resist was then spun onto the
were used to calculate the beam waist nitride, a soft bake was performed, and
and the complex radius of curvature our mask was used to define the laser
within the external cavity of the system stripes. After photolithography, reactive
[7]. Using this method we were able to ion etching (RIE) using CF4 was
calculate the outgoing and returning employed to remove the nitride from the
beam parameters at the facet of the laser, stripe region, and the photoresist was

for a variety of separations between stripped. Next, a zinc diffusion was

collimating lens and cylindrical lens, and performed to create a p-side ohmic
between cylindrical lens and external contact, and the wafer was metalized on
mirror. Next analytic equations were the p-side, using 300 A of titanium, 300
developed to calculate the overlap of the A of platinum, and 300 A of gold. The
outgoing and returning beams, and these wafer was then thinned and polished to a
beam parameters were used in these thickness of approximately 100 jim.

equations. A much more complete After lapping and polishing, 300 A of

poihig



gold/germanium, 300 A of nickel, and few percent above Lb. Above these

3000 A of gold was evaporated to form current levels, the laser diode intrinsic

the n-side contact, and a rapid thermal facet reflectivity dominates, and the

anneal was performed to produce n-side external cavity system reverted back to

ohmic contacts. Finally, the wafer was multimode behavior. To solve this

scribed and cleaved into bars, forming problem, the front facet of the laser was

lasers having cavity lengths of 250, 375, anti-reflection (AR) coated. Very good

500 and 1000 gtm, and each of the bars AR coatings (<1%) were achieved, using

was scribed and cleaved into individual a two layer V-coat design. A magnetron
lasers. Initial testing of several of the sputtering technique was used to sputter

unbonded lasers indicated threshold the two layers, consisting of A120 3 and

current densities near 300 A/cm2, and ZrO2. Using the AR coated devices we

differential quantum efficiencies were able to pump the system to greater

I approaching 80%. The completed lasers than 31,h before noticeable changes in the

were mounted onto standard open heat fundamental mode far-field profile

sinks, p-side up; a mounted and wire appeared.

bonded device is depicted in Figure 3.3 The setup used in the experiment is
One problem inherent to external cavity shown in Figure 4. It was designed so

systems is that the laser diode cavity and that the optical power, near-field and

the external cavity compete for far-field could all be monitored at the

dominance. It has been shown that the same time. The laser was pumped using

front facet reflectivity of the laser diode 1 gs current pulses, at a duty cycle of
will determine the maximum drive 1%. Optical pewer was measured with

current (and hence the maximum output an integrating sphere and silicon

power) for which the external cavity will photodetector combination. The output

select the dominant mode (9]. of the photodetector was channeled into

Experiments and calculations, have a gated integrator/boxcar averager, so

determined that, in order to maintain the that the average output power versus

fundamental mode at high injection current could be plotted. To measure
levels (3-4 Ith), the front facet the near-field profile of the system, a slit

reflectivity should be less than 1%. Our aperture was imaged onto a CCD
preliminary experinmnts with uncoated camera, the slit was removed, and the

lasers confirmed this, and demonstrated beam at the image plane was stored onto

that the external cavity system would not a digital oscilloscope. From this near-

remain single mode beyond more than a field image, the effective aperture of the

I
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system, d, was estimated, using the l/e measurements without the cylindrical

criterion to determine the cut-off [7]. lens showed very little change in profile

This measurement is depicted in Figure at different injection levels, and hence

5. With this estimation, the diffraction only a single injection level is shown as

limit for a lateral beam component can representative. The horizontal axis of

be approximated by 2XR/d, where R is Fig. 6b is scaled at 1.25 mrad/div, so

the distance from the near-field plane to that the power is distributed over

the plane of far-field best focus. With a approximately 6.25 mrad, or more than

second CCD camera, the far-field of the 10 times the angular divergence of the

external cavity system, (i.e. the image external cavity without the cylindrical

best focus) was stored, and the lens.

calculated and measured far-fields were

compared. In Figure 7, a plot of the optical power

versus current (PI) is shown for the

RESULTS: system with the cylindrical lens, and

Using our experimental setup, reflects the total power of the system,

measurements at several current levels i.e., the sum of both front mirror and

were taken, both with and without the back facet emitted powers. The power

cylindrical lens in the external cavity, was measured without filtering outside

Typical experimental far-field data for a of the main far-field lobe, and therefore

100 I m stripe with a 500 gm cavity contains power distributed over several

length are shown in Figure 6a&b. For milliradians. The usable power

both Figures an arbitrary power scale is contained in the focused, diffraction

shown on the vertical axis. Figure 6a limited spot was estimated to be

shows the diffraction-limited output approximately 85% of that shown in the

profile at three different injection curve, for current levels below 750 mA.

currents, using the cylindrical lens Above this current level, the main lobe

within the cavity. The horizontal scale of the far-field did not increase further,

has units of 0.25 mrad/div, showing that and the increase in optical power shown

the majority of power lies within 0.5 in the PI curve was distributed into the

mrad for all current levels. Using our side lobes. In addition, a comparison of

estimate of the near-field aperture size, total power from the solitary laser,

the diffraction limit was calculated to be measured before AR coating, and from

0.51 mrad. Figure 6b shows the far- the coupled system, indicate a large

field measured without the cylindrical coupling loss occurred within the

lens in the cavity. Far-field external cavity system, with and without

"I ' .. iI ii Il II II H
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the cylindrical lens. We have concluded transforming the square root of the

that the majority of this loss came about intensity profile, measured at the

in coupling the transverse beam aperture, to the measurement plane. We

component back into the narrow will make use of this method in our next

aperture of the laser diode waveguide. It set of experiments.

may be possible to alleviate this problem
by increasing the active layer thickness A variety of ideas for future

and graded index region, or by using an modifications and experiments have

asymmetric large optical cavity (ALOC) been explored. As was mentioned, we

structure for the gain medium. hope to attain better external cavity
coupling using an ALOC. Preliminary

results using an ALOC type waveguide

* CONCLUSIONS AND DISCUSSION structure, have shown better coupling

It has been demonstrated that wide stripe efficiency than the simple GRIN-SCH

injection lasers can be fabricated, anti- waveguide. AR and high-reflection

I reflection coated, and coupled to an (HR) coatings have been a major area of

external cavity, to produce high power, work. We feel we can further improve3 diffraction limited, optical beams. The the quality of the AR coatings, in order

devices are easily fabricated, using a to drive the external cavity laser to

3 single mask process, and packaging/AR higher diffraction-limited output power.

coating can easily be performed using Also, we can double the forward output

well defined processes. A relatively power by HR coating the back facet of

simple stable/unstable external cavity the device. One of the experiments

configuration was employed to filter out which we intend to conduct is that of

the higher order transverse modes in the filtering the higher-order transverse

lateral dimension, to produce the modes using a grating for external

diffraction limited output. feedback, and thus concurrently, select a
single longitudinal mode. Using this

One shortcoming of our experimental system, we can conduct other, more

technique is the somewhat arbitrary important experiments, such as short

determination of the "near-field pulse generation by mode locking and

aperture" size to calculate the diffraction optical pumping of nonlinear materials

limit of the system. A more exact for frequency doubling.

measurement of the diffraction limit can

be made by assuming a particular phase ACKNOWLEDGEMENTS
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a)

Figure 1 a) side view of laser and external cavity shows the stable
cavity configuration, note that the cylindrical lens has no
effect in this dimension, b) top view of the system shows
the unstable cavity configuration, and demonstrates a
cross-over and magnification of the beam
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high temperature solder, laser diode, bonded with AuSn
M.P. 300 C solder preforms, M.P. 280 C
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Figure 3 Standard package for high power lasers injected
with lusec pulse, at 1% duty cycle
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Phase-locking of Semiconductor Diode Lasers by Phase Conugate
L ecton

i
Cunkai Wu, John G. McInerney, and Bruce W. LibyI

Optoelectronic Device Physics Group

Center for High Technology Materials

University of New Mexico

Albuquerque, NM 87131, USAI
Phase-locking of two or three commercial diode lasers was achieved by uni- or bidirectional

phase-conjugate injections. The phase-conjugate waves come from a double phase conjugate

3 mirror. For the unidirectional injection locking the dependence of the locking bandwidth on

the injection power was measured. Intermodal injection locking is demonstrated and the

mode-coupling effect was included. For the bidirectional injection the quality of the phase-

locking degrades as the injection power is increased. When it is increased to -WB the phase-

D locking is unstable, it is larger than 40B, the output spectra of the lasers are broadened.

If two or more lasers can be phase locked, they can be coherently combined

into a single intense laser beam. This is useful for an array of semiconductor

lasers. Nonlinear optical processes , for example, degenerate four-wave

I mixing, stimulated Brillouin scattering, provide a method by which phase

conjugation backward wave of an incidence wave can be generated. If the

*Permanent address: NL Optics Ctr, USAF Phillips Lab, Kirtcano AFB, NM

87117-08$
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Figure 1 shows the experimental configuration for the phase-locking of two or

three semiconductor lasers. LD1 is used as the master laser (ML), LD2 and

LD 3 are used as the slave lasers (SL). All of the lasers are Hitachi 1400 laser

diodes, without antireflection coating. The operating wavelength is about 835

I nm. The output of the laser diodes is an extraordinary polarization. They are

incident upon opposite surfaces of a photorefractive crystal after passing

through the telescopes. They provide the pumping beams, 1 and 2, of the

3 IDPCM. The angle between the beams 1 and 2 inside the crystal was

approximately 1730. The crystal is a single crystal of BaTi0 3 with dimensions

3 of 7x6x5 mm3 .The C-axis is of the crystal along the 7 mm side. Four-wave

mixing in the crystal produces output beams 4 and 3, which are phase

conjugates of the beams 1 and 2, respectively. The injection currents of the

3 diode lasers of LD1 and LD2 are about 75 mA (about 1.4 Ith). The injection

currents of both lasers are adjusted so that their longitudinal modes overlap.

When I1=73.5 mA and 12=77.5 mA this case can be happened. In this case the

powers of the pump beams of the DPCM are 1.8 mW and 1.6 mW, respectively.

I The pumping power density is about 150 mW/cm 2 . The transmissivity of the

3DPCM is about 30%. The nonlinear coupling constant of the crystal yL=2.3. The

output wavelengths of the lasers are measured by a grating monochromator.

3 The temporal spectra are measured by two Fabry-Perot interferometers . Their

free-spectral ranges are 2.5X10 3 GHz and 1.6 GHz, respectively. The Farady's

3 isolators provide a 40 dB isolation.

When the longitudinal modes of the two lasers overlap, their Fabry-Perot

spectra coincide. The phase-locking between the master and slave lasers is

3 signed by the interference fringes. The interference pattern is detected by a

CCD camera and displayed on a video monitor. When the phase of the slave

I " "• • /



I
laser is locked, the interference fringe appears, as shown in Fig.2 (a). If the

phase conjugation beam 4 is blocked, the interference fringes disappear.

Fig.2(b) shows intensity variation in interference fringes. The visibility

obtained is V=0.95. Changing the current or/and temperature of the lasers we

3 can tune the wavelength of the free-running lasers.

The phase locking of three laser diodes was carried out. Similar results were

I obtained.

3 Intermodal injection locking

For a weak injection power, in order to get good injection locking, the

3 frequency of the free-running slave laser has to be tuned to within a relatively

narrow bandwidth of the master laser frequency. Keeping the injection power

I a constant, adjusting the injection current and temperature of the masteru laser, as the frequency of the master laser is detuned from that of SL, the

visibility of the fringe is reduce. But when the frquency of the ML is close to a

I nonlassing longitudinal mode (the longitudinal mode space is about 119 GHz)

of the SL, the injection locking can be performed by using lower injection

I power. The SL constitutes a resonant amplifier for the light injected into au nonlassing mode. Because of the mode-coupling effect the injected SL mode

power increases in proportion to the injection power, while the free-running

SL mode power decreases due to the mode-coupling. The dependence of the

locking bandwidth on the injection power was measured and shown in Fig.4.

I For weak injection the experimental data is in agreement with previous

injection locking theory [5-7]. When the frequency of ML is close to nonlasing

longitudinal mode of SL, the SL output power transfered completely to the

3 injected mode. This is intermodal injection locking [8-10]. In this case the

mode-coupling effect must be taken into account.

3
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Under the usual plane-wave and slowly varying envelope approximation, the

electric field inside the injected cavity can be expressed as1

Es(z,t) = 1 Eso(t) exp j( ost - kmz) + c.c. (1)

where (s is the laser frequency and km the wave number of the mth mode,

I fixed by the cavity boundary conditions. The complex field of the injection laser
I is1

Ei (z,t) = 1 Ejo (t) exp j(qt - kiz) + c.c. (2)

I Including mode-coupling effects the coupled wave equation becomes

IdEs 1 1 C Eio
dt = 1 1(G _-)(1+iO)+2Ln Eo- j(O)s-Oi)+4 Ei 12)E sO (3)

3I where G is the optical gain, p is the photon lifetime, a is the ratio between the

carrier-induced change in the refractive modal index n and the modal gain, ng

is the group index. 4 is the mode-coupling coefficient and can be represented

* as

1C (4)
A Q j(G )p )[A -(-s)H2Lng (o)i-(Os) q S + ir

3 where Afl is the bandwidth of the gain of the slave laser; r is the output

linewidth of the master laser, andI
- _ I linteger

2Lng
C

Since i-Os is very close to q 2Lng' the equetion (3) can be simplified to

3_ - (G-!)[AQ-(Oi- O~s)] Cr (5)

I
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Using Eso = P exp (j Os ) and converting eq.(3) into the rate equations for the

total photon number P and the phase 0I of the laser field one obtains

ripe 1[-L C (i Pi sp -(6)1G r, 2Lng (6)

--& - 1- - (=(( 1 ---- s C-C Pi sinO -s j) (7)It7 , r2 r ng (F- A0 LgP

I where Pi represents the number of injected photons in the cavity and 0 = Di -

Os is the difference between the phase of the optical field of the master laser

and that of the injected slave field.

Stationary solutions

From eqs.(6) and (7) we can derive the steady-state solution of the systemII
P=C ( )112 (a cos e - sinG - Pi

c -- s

Thsectiond term ine dC1 Pi 2 (i

The general < i, nd 1 th eni nr -Co s 0ro te c n g e ff ect.h

sI Equetion (9) shows that when

302 )Ia s s0M (9)

3 The locking bandwidth is largely enhanced by the mode-coupling effect. From

eq.(10) we can obtain the required injection power for the maximum locking

I bandwidth

I



Ps_2_ )2 cosOS 0

2Lng

The r is determined by the linewidth of the laser and the accuracy of the

3 detuning. The oscillating frequency of laser diodes changes with temperature.

The temperature versus frequency shift characteristics are linear, and the

slope is about - 30 GHz /oC. We assume the accuracy of the detuning is about

3 200 MHz. We use the following set of parameters: All = 15 nm= 6.4 x 1012 Hz (

at ). =840 nm),r = 200 MHz, ng 4.3, L = 300 gtm, a 5. Substitution these

m data in eq.(11) yields

l I i
p = 0.13 x ( cos 0) (13)

3 When the mode-coupling effect is neglected, from the dependence of the

locking bandwidth on the phase difference 0, we can get the maximum locking

bandwidth at

cos Ouax = 0.98 (14)

I Substitution bmax in (13) yield

Ps( )max = 1.3 x 10 (15)

I The theoretical curve obtained from equation (9) is shown in Fig. 3. The

theoretical curve [5] without the mode-coupling effect is also shown in the

figure, Our theoretical curve is in agreement with the experimental results.

Bidirectional phase conjugation injection mutual phase-locking.

By removing the Faraday isolator from pumping beam 2, the phase-conjugate

beam 3 can be injected into laser diode LD1 . This is the bidirectional mutual

injection phase-locking configuration. For this scheme, the phase-lockingI,



between the two diode lasers is stable only when the phase-conjugate injection

level is less than - 40dB. When the injection level is increased to -30 dB, the

frequencies of the lasers can not be adjusted to coincide, and the frequencies of

the lasers are unstable. When the frequency difference between the two lasers

I is about 3 GHz, the relaxation oscillation can be easily excited. When the

injection level is larger than -30 dB, the output spectra of the lasers are

broadened and the case is driven into multimode operation, as shown in Fig.4.

As increasing the injection power the two lasers free-running at a single

longitudinal mode with different wavelengths will be pushed toward to

I multimode states, as shown in Fig.5.

In conclusion, it was experimentally demonstrated that the phase-locking of

two and three commercial diode lasers without antireflection coating can be

• iperformed by phase-conjugate injection. The bidirectional injection locking is

more unstable. For the intermodal injection locking the mode-coupling effect

3 was included in the coupled wave equations. The theoretical results are in

agreement in the experimental measurements.To get phase-locking of the

I Bdiode lasers with difference of frequency of a few GHz, only needs the phase-

3 conjugate injection power of a fraction of one microwatt. It means that

nonlinear materials with fast respond time can be used in this technique, even

Sthey have low coupling efficiency. To extend to the phase-locking of more diode

lasers is straightforward. This technique can also be applied for coherent

I processing of images transmitted through an optical fiber.

i The authors would like to thank Dr. Hua Li, Yuan Li and Chi Yan for their

help for experiment.U
I
I
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n Figure captions

Figure 1. The experimental setup for the phase-locking of two and three

semiconductor diode lasers.

n Figure 2. The interference pattern between laser beams when the phases of the

two diode lasers are locked (a), and (b) intensity variation in interference

fringes, the visibility is 0.95.

I IFigure 3. Locking bandwidth vis injection rate (Pi/Ps). Solid line is the

theoretical curve without mode-coupling [5], dashed line with mode-coupling,

In triangles experimental data.

n Figure 4. Fabry-Perot interograms for high mutual phase-conjugate injection.

(a)Without injection, and (b) with injection of 20 gW.

Figure 5. Bidirectional phase-conjugate mutual injection coupling between the

two diode lasers. (a) free-running output wavelengths, (b) to (d) the phase-

3 conjugate injection is increased from (b) to (d).
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HIGH-POWER WIDELY TUNABLE

LINE-NARROWED EXTERNAL CAVITY

SEMICONDUCTOR LASERS

Cun-Kai Wu, Yuan Li, Morris B.SnipesJr,

* and
John G. Mcnerney

U Optoelectronic Device Physics Group, Center for High Technology Materials

University of New Mexico, Albuquerque, NM 87131-6081

U INTRODUCTION Because semiconductor laser
Narrow spectra and wavelength materials have a wide gain spectra, it is

tunability of semiconductor lasers with possible to acheive lasing over a wide

high output powers are highly desirable, tuning range. However, wide range

Such devices are needed in the areas of tuning can only be realized with a well
optical fiber telecommunications, free defined lineshape, and also the

space communications, microwave wavelength should not drift with

energy transmission and nonlinear operating current or temperature

optical frequency generations. We have variation. Both of these requirements

develoied a system which uses a pulsed can be achieved with an external cavity,

semiconductor laser coupled to an using a grating for wavelength selection.

external grating to produce 500 mW One problem inherent in an
peak of output power, with a linewidth external cavity system, is that both the

of 0.05 nm or less, and a tuning range of solitary laser and the external cavity
30 rim. compete for dominance. To eliminate

3 Using an external cavity to this problem, the semiconductor laser

achieve these goals for low-power laser should have the internal facet anti-

is not a novel idea [1-4]. A tuning range reflection (AR) coated, so that the

of 55 nm[2] has been reported with external cavity alone determines the

external grating cavities. However, lasing condition. An added benefit is

none of the previous work has been that the operating wavelength will have
concerned with producing high output little dependence on the temperature

power. variations. In addition, if the length of

I
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the external cavity is chosen to be much the grating lines are perpendicular to the
longer than that of the solitary laser, the growth plane in the case of wide-stripe

wavelength separation of longitudinal lasers, although it works well for
modes is very small and the wavelength narrow-stripe lasers.

tuning becomes quasi-continuous. The experimental setup which
was used is depicted in Figure 2. The

EXPERIMENT laser was driven using a pulsed current
The semiconductor laser used in source, with a pulse width of 1

our experiment was fabricated at microsecond and a repetition rate of 10
CHTM. The laser structure is a graded- kHz. The optical spectra were measured
index seperate-confmement using a Spex 1704 grating

heterostructure (GRIN-SCH) with a monochromator, with a resolution of less
single quantum well, and is shown in than 0.05 nm. Optical output power was
Figure 1. In the lateral dimension the monitered with a Photodyne 44 XLA
laser is purely gain guided. The device power meter. To take power3 has a cavity length of 500 gin, and a measurements with and without optical
stripe width of 150 gtm. As mentioned feedback, a beam splitter was used to3 previously, the front facet of the laser extract a portion of the beam from the
diode was AR coated (<1%) to increase external cavity and the cavity was3 the external cavity coupling efficiency. blocked to eleminate feedback. These
The rear facet was high-reflection (HR) results are shown in Figure 3. The
coated (>75%) to improve single-ended output power versus wavelength curve,
power output. In addition to producing as shown in Figure 6, was measured at
high output power, wide stripe lasers are the grating.
advantageous due to their simple In Figure 4 we show the laser
structure and ease of fabrication, diode spectra with and without optical3 In our experimental arrangement, feedback from an plane external mirror.

a blazed grating having 1200 lines/mm The injection current is about twice3 was used in the second diffraction order threshold current. This demonstrates

for optical feedback. The grating lines that even with external feedback from a
were aligned parallel to the epitaxial mirror, the laser operates with a broad

growth plane of the laser diode, hence spectral envelope in multiple
the active layer acts as the entrance slit longitudinal modes. Figure 5 shows the
of a monochromator in coupling the optical spectra of the laser diode with
feedback into the diode. It is noted that feedback from a grating external cavity3 the external cavity is less effective when under the same operating condition as in

I



Figure 4. This clearly shows that 2) wide wavelength tuning range;
grating coupling of the laser diode 3) high output power above 550

produces a narrowing of the spectra by mW in pulsed mode;
2 to 3 orders of magnitude. 4) excellent wavelength stability.3 Figure 6 shows the output power
variation as the operating wavelength is REFERENCES

3 changed by adjusting the tilt angle of the 1. Kohroh Kobayashi and Ikuo
grating. The spectra width is less than Mito, "Single frequency and
0.05 rin (the instrument resolution tunable laser diodes," J.
limit). The operating condition is same Lightwave Technol., vol.6.

) Tbefo e r g cno. 11, pp. 1623-1633, Novembermas before. 1988.

Figure 7 shows the stability of

the laser with a grating external cavity. 2. R. Wyatt, and W. J. Devlin, "10
the arving wi rent ari , ex t tkHz linewidth 1.5 Jim InGaAsP

The driving current varied, but the external cavity laser with 55 rn
operating wavelength is very stable and tuning range," Electron. Len.,
the spectra remainf very narrow. vol.19, pp. 110-112, February

As the grating tilt angle is varied, 1983.

the operating wavelength of the laser can V. Yu. Bazhenov, A. P. Bogatov,

be tuned continuously. Figure 8 shows P. G. Eliseev, 0. G. Okhotnikov,
the tuning of the wavelength. The result G.T. Pai, M. P. Rakhvalsky, M.
is abtained at same injection condition, S.Khairetdin,V.B.Tararenko, 35 mW A

i.e. about 2.0 times of threshold current, single - frequency injection laser

The peak outpu nower of the laser at with an external dispersive
this condition is aoout 500 roW. From cavity," lEE Proceedings. pp. 9-
tis co nin g is abo ve 50 11, Vol. 132, Pt.J. No.l.

Figure 8 The tuning range is above 3 February, 1985
nm , from 777.0 nm to 808.5 arn. At

either end of the tuning curve, the 4. A. Lidgard, T. Tanbun-Ek, R.
A.Lugan, H. Temkin, K. W.feedback from the grating is insufficient Wecht, N.A.Olsson, "External-

to support lasing action, cavity InGaAsInP graded index
multiquantum well laser with

CONCLUSION 200 nm tuning range,"
I Appl.Phys.Lett. 56(9), pp. 816-
In conclusion, using a grating 817, February 1990.

external cavity, a high power, narrow

linewidth semiconductor laser has been
realized. Specifically, the laser has:

m 1) very narrow linewidth;
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Figure 1 Semiconductor laser structure Figure 2 Experimental arrangement
used in the experiment
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Period-Doubling Route to Chaos in a Semiconductor

3 Laser with Weak Optical Feedback

Jun Ye, Hua U and John G. Mclnerney

Optoelectronic Device Physics Group

Center for High Technology Materials

University of New Mexico, Albuquerque, NM 87131

Abstract

We report the first experimental and theoretical observations of a period-doubling route to

chaos in a semiconductor laser with optical feedback. Increasing the feedback produces a

quasiperiodic route to chaos, manifested as a catastrophic increase in the laser linewidth. Under

certain conditions, frequency locking occurs in preference to quasiperiodicity, and then period-

doubling appears. Both phenomena are explained as interactions between the external cavity

modes and the laser relaxation oscillations.I
PACS Number: 42.50.Tj, 05.45.+b, 42.50.Kb., 42.55.Px

I The dynamics of semiconductor lasers subject to coherent optical feedback have been studied for

several years [1,21. At high levels of feedback (-10% in intensity) and below the isolated laser

threshold, the laser dynamics are dominated by the external resonator, and a distinct set of

instabilities Is observed: external cavity mode interactions [31 and low-frequency self-

pulsations (41, subharmonic bifurcations 151 and an intermittent route to a linewidth-

broadened chaotic state [6]. At lower levels of feedback (< 0.1% in intensity) and well above

the isolated laser threshold, increasing the feedback level initially produces linewidth

narrowing, then undamping of the relaxation oscillation, followed by excitation of external

I
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cavity modes and finally a catasttophic increase in the laser linewidth, a phenomenon which has

been called "coherence collapse" 11,21.

U
In this letter we report experimental and theoretical evidence that the coherence collapsed state

I is actually a chaotic one, usually obtained via a quasiperiodic route 171, but also via a period-

doubling route under certain conditions. Moreover, we explain the physical basis for coherence

collapse as the interaction between the external cavity modes (separated by frequency vext) and

the relaxation oscillation (VR) in the laser.

SI Our experiments have used GaAs/AIGaAs laser diodes (Hitachi HLP-1400) operating at -830

nm with a single longitudinal mode when isolated, although multimode operation is common

under external optical feedback. An external cavity was formed by one laser facet and a high-

reflectivity plane mirror, the fraction of light coupled back being varied using a half-wave

plate placed between a pair of linear polarizers. The laser was forced to oscillate in a single

3 diode mode (containing many external cavity modes) by an intracavity solid etalon of thickness

100 gm, finesse 30 and free spectral range -1000 GHz. The ratio fex, of the output intensity

I coupled back into the lasing mode was obtained by measuring the external cavity transmission

I changes and observing the value of fox at very weak feedback (normally <10 -6) by noting the

maximum feedback-induced shift in the optical frequency (81

3 (V-V0)max = p(foxt)l/ 2 (1 +02)1/2  (1)

where p is a constant determined by the laser resonator parameters and ot is the linewidth

I enhancement factor. Optical spectra were measured using three scanning Fabry-Perot

3 interferometers with free spectral ranges of 2150, 16.1 and 0.750 GHz, and finesses of

300,100 and 300, respectively. The laser intensity noise spectra were measured using a last

Spin-photodiode coupled to a microwave spectrum analyzer.

I
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i Initially the laser was biased in the range 1.5-1. 7 1 th, the external cavity length was chosen

such that the relaxation oscillation frequency was an integer multiple of the external cavity

3 mode spacing, and the external feedback ratio was increased gradually. Figure 1 shows intensity

noise spectra near the relaxation oscillation resonance for increasing fet with vR = 6vext: the

i free-running laser (with text =0) has damped relaxation oscillation which becomes undamped

with increasing feedback. Strong features spaced by vext also emerge, indicating the presence of

multiple external cavity modes. With further increase of fext, a series of period-doubling

3I bifurcations occurs marked by the appearance of peaks separated by Vext/ 2 and vext/4. This

process is confirmed by the observation of optical spectra. The power spectrum in the low

frequency domain is simultaneously observed to insure that frequency locking (VR = nvext, n an

integer) is maintained. Eventually the discrete noise peaks diminish while the noise floor rises,

leading to a nearly white intensity noise spectrum, and a broadened optical spectrum

3 characteristic of coherence collapse.

3 In the more general case when VR is not an integer multiple of vex,, the relaxation oscillation

again becomes undamped and external cavity modes are excited, followed by interaction between

them and culminating once again in a coherence-collapsed state. This scenario occurs far more

i frequently than the period-doubling route to chaos, which requires careful monitoring of the

optical spectra and control of the laser current, temperature and external cavity length to

maintain the relationship yR nvgxl. However, in either case the mechanism responsible for the

chaotic coherence-collapsed state is the nonlinear interaction between the relaxation oscilation

I and external cavity modes.

Theoretically, the system is described by rate equations for the carrier population N(t) and

complex optical electric field E(t), the latter equation being decomposed into separate equations

iiI•
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for the intensity I(t) and phase 4(t) in the active region of the laser, with a delayed nonlinear

feedback term [8,9,101. The general form of these equations is

I
dX(t)/dt = g(X(t)) + (feXt)112h(X(t), X(t-1)) + F(t) (2)

I with the vector
i X(t) - (l(t). 0(t). N(t))

where g describes the Isolated laser and (fext)"/ 2h is the nonlinear feedback term with delay

3 time % and strength (fext) 1/2 . F is a Langevin force term describing white noise driving.

Because the phase diffusion process causes difficulties in constructing trajectories in the

(l,*,N) phase space, we further transform the phase )(t) into the instantaneous deviation of the

optical frequency from its steady state value

0)(t) =r {[m (t)-Ct-8))I/t) (3)

3 to construct trajectories in the phase space {l,w,N). We then integrate the delay-differential

rate equations (2) numerically.I
Initially, the effects of noise are not included in our calculations (Figures 2-4). Figure 2

gives calculated time series and power spectra for the intensity I(t), and Poincare maps in the

3 plane of constant N(t). The time series show that the faster relaxation oscillation is initially

modulated by v.xt, then Vext/2, V.xt/4 and ultimately an irregular signature. The power

i spectra agree well with the experimental data presented in Figure 1. The bandwidth of the

3 spectra is limited by the linewidth of the cold laser resonator which is about 20 GHz here. The

frequency spacing of external cavity modes in the power spectra is smaller than 2Lext/c (Lext is

3] the external cavity length), due to mode pulling effects. Figure 3 shows a calculated bifurcation

plot for the frequency-locked condition, showing a clear period-doubling sequence. Taking thei



I

peak values of the time series of I(t) gives the envelope of the external cavity modulation

signature, and taking the local maxima of this envelope gives the bifurcation points for a given

f3xt.

To confirm the chaotic nature of the irregular state, we calculated the correlation dimension D2

[111 for each of the data sets in Figure 2. The resulting data (Figure 4) converged to a fractal

dimension of 2.1-2.7, indicating a chaotic attractor. We have also calculated D2 values for the

3I system with white driving noise and no feedback; these values converged to 3 (with a small

computational error) as expected for a purely stochastic process. The calculated D2 for the

coherence-collapsed state never reached 3 even with large feedback ratios and with large

spontaneous emission noise included. We note in passing that the uncertainties in the calculated

D2 values are due to nonuniform attractor densities caused by the stiffness of this system which

3 has time constants ranging from -10 picoseconds to microseconds. The very large data sets

required for accurate determination of the correlation dimension D2 precludes experimental

* measurements using currently available equipment.

I We have also studied the effects of adding realistic levels of white noise (121, indicating that

m noise causes no significant modifications of the essential features of the period-doubling or

quasiperiodic routes to chaos, although it does obscure the details and make the correlation

3 dimension more difficult to determine.

I In conclusion, we have presented the first experimental and theoretical demonstration of a

i period-doubling route to chaos in a coherence-collapsed semiconductor laser. This route occurs

in preference to the more usual quasiperiodic route when frequency locking conditions are

maintained. In either case, the coherence-collapsed semiconductor laser is shown to be chaotic,

3hotc

I]



and the behavior is due to nonlinear interaction between the external cavity modes and the

1 relaxation oscillation undamped by the optical feedback.

The authors are grateful to N. B. Abraham and A. M. Albano at Bryn Mawr College for helpful

I discussions, and to the USAF Phillips Laboratory for Cray-2 access. This work was supported

by AFOSR, RADO arnd NSF.
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FIG.1 Measured power spectra of the intensity with increasing feedback level fext, when the

I frequency locking condition is satisfied ( A to F ). The injection current I/Ith - 1.60, the

external cavity length Lext = 18 cm, the external cavity mode spacing vexl=0.7 GHz and the

relaxation oscillation frequency VR= 4 .2 GHz.

I
FIG.2 Calculated intensity time series (1st column), power spectra (2nd column) andI
Poincare maps (3rd column) for the period-doubling route to chaos as (f0xt)V 2 increases (A to

* F).

FIG.3 Calculated bifurcation picture for the period-doubling route to chaos as (fext)"/ 2

increases. The system parameters at the points marked A to E are the same as those in the

I graphs similarly designated in FIG.2.

I FIG.4 Calculated correlation dimension D2 at the points previously marked A to F during the

period-doubling route to chaos.
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I Dynamic Analysis of Coherence Collapse In
the External Cavity Semiconductor Laser

Jun Ye, Hua Li, and John G. Mclnerney
Optoelectronic Device Physics Group
Center for High Technology Materials

University of New Mexico, Albuquerque, NM 87131

I

I ABSTRACT map and the correlation dimension (D2)
were calculated to describe the

We describe theoretical and characteristics of the deterministic

experimental investigations of a chaos in more detail.

particular interesting and important

dynamical phenomenon- coherence I. INTRODUCTION

collapse of a semiconductor laser with

external optical feedback. In The dynamics of a semiconductor laser

experiments, we observed that, as the (SCL) can be influenced very strongly

feedback level increased, the laser by external optical feedback. The

linewidth increased tremendously, while dynamical complexity of the external

I the external cavity modes and relaxation cavity semiconductor laser has been

oscillation resonances were greatly observed experimentally for a long time

enchanced. We devised a novel method by (1-31. One well-known but poorly-

which the feedback level can be understood phenomenon is studied here -

measured using a frequency coherence collapse, in which the

discriminator. In our computer linewidth of the SCL is broadened from a

simulations, we solved the time- few MHz to several tens of GHz by

dependent coupled rate equations for the increasing optical feedback[4]. A crucial

intensity, the optical phase and the question is whether this process is

I carrier number. The time evolution of deterministic chaos or a stochastic

the field intensity and the intensity instability. Based on the definition of the

spectrum were obtained to show deterministic chaos, some of the

resonant enhancement of the laser modes required properties are[s): (1) the

by the external feedback. The return behavior in time of any variable of the

I
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system is aperiodic; (2) the power factor. K is related to the feedback level

spectrum of some variable has some fext by K~~l "R m fext\112

broadband parts; (3) the dimension of al fX Km/ 2  (2)
chaotic system must be greater than or

equal to two, and the correlation The change of the ratio of the intensities

dimension is usually a fractal number; 12/11 (refer to FIG. 1) is used to

(4) a return map shows an infinite determine the relative feedback level

number of points. Therefore by change. A 30-picosecond photo diode is

investigating these properties, we can coupled to a microwave spectrum

begin to understand the nature of the analyzer to measure the intensity

process. spectrum, while a set of three Fabrry-
Perot scanning etalons is used to obtain

II. EXPERIMENTS the optical field spectrum. The three F-3 P etalons have free spectral ranges of

The experimental arrangement used is 3000GHz, 16.5GHz, and 750MHz with

shown in FIG.1. An external resonator finesses of 300, 100, and 300

is formed with one uncoated facet of a respectively. The combination of these

GaAs/AIGaAs CSP laser diode, a three F-P cavities enables us to

microscope objective, two polarized observe a very large part of the optical

beam splitters, a half-wave plate and a spectrum. In this experiment, F-P (1)

plane mirror (R>98.5%). Rotating the is to ensure single mode oscillation of

X/2 plate can continuously change the the laser diode. F-P (2) is suitable for

I feedback level The slope of the observing coherence collapse and F-P

resonance curve of the etalon plate is (3) can be used to find the laser line-

3 used here as a frequency-discrimination width.

curve to measure the very weak

feedback level since the extern3l III. EXPERIMENTAL RESULTS

feedback can cause the lasing frequency

of the laser diode to shift according to FIG. 2 and FIG. 3 show our experimental

3 the equation results. FIG.2 shows the frequency

w.=_K(1+a 2 )12sin((or+arctan(a)), discrimination curve as well as the

(1) optical output from the same etalon

Here (w-0) represents the frequency plate when the external mirror was

shift induced by the feedback and t is the oscillating and the feedback level was

optical round trip time in the external very low. This feedback level was

cavity, a is the linewidth enhancement measured from FIG. 2. Then we

UJ



Increased the feedback intensity and (GI-y)- i(5

measured the relative feedback level

change. FIG. 3 shows the optical dN

spectrum for several different feedback dt q " TeN - Gi p/(1+r) 1' (6)
levels. As fext increases, the relaxation

oscillations are enhanced, and both the where

main lasing mode and the relaxation

peaks are modified by the resonantly GI = F V gl = GN (N-No) (7)

enhanced external cavity modes. The y = r v9 gth = GN (Nth-NO). (8)

single lasing mode operation collapses

and the laser line-width increases by The parameter y represents the cavity

several orders of magnitude. loss rate, and the carrier life time is
given by "tc=l/ye. The parameter 0

IV. THEORETICAL MODELING controls the nonlinear phase change and
for a F-P laser 0 =0. r is the

The conventional rate equations for SCL electromagnetic mode confinement

need to be modified if the intraband factor. If external optical feedback is

relaxation of charge carriers and applied, then the rate equations will

polarization within the conduction and have some extra terms

valence bands is taken into account (61171.

The optical gain g per unit length dt = (GI/(l+m)1/2- y)p+ Rsp+ 2K

becomes
i g=gl/(l +M)1t2  (3) '10~) 0~-0)111 cos[¢(t-€(t-T)

where m=p/ps, p is the intracavity +Wt] (9)

mode intensity and the saturation

intensity Ps is related to the intraband _ (G-y)- (w-Q)-K 1/2dt = 2 (G-p) (-t)K " J 1 2

relaxation times, gl is assumed to vary 2 p(t)

linearly with the change of the carrier sin[$(t)- (t-1)+) ]T (10)

population. The nonlinearity is d N
introduced into the modified gain as d- = J/q -yeN -GI p/(1 +m)1 2 (11)

spectral hole burning. The modified rate

i equations for a single mode laser have where the parameter K is given in (2)

the following form and t is the external cavity round trip

3 time. These equations can be

d= (GI/(1+m) 1 /2 -" ) p +Rsp (4) numerically solved in the time domainrdr=

I
I
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and the solutions will give the time spectrum shows white noise. The

evolutions of the variables. It is very dimension (D2) is zero in the relatively

I easy to observe the intensity p(t) large reconstructed phase space,
experimentally, so its behavior is most indicating globally stable behavior in

conveniently used to describe and the steady state solution. D2 is divergent

analyze the detailed dynamics of the as the embedding dimension n tends to

system. First the phase space trajectory infinity, showing purely stochastic

(as a return map) and the power behavior in the small phase space.

spectrum of the intensity are calculated. (2) The noise-free external cavity

Then the method of Grassgerger and laser system shows an aperiodic

Procaccia[8][9]to calculate the dimension behavior in time, with considerable

(D2) is applied. Calculations have been resonant enhancement at the external

performed for: cavity modes and at relaxation

(1) a dc-biased semiconductor laser oscillation resonances. The fractal D2

(SCL) without feedback, with realistic value has a slightly wavy form as the

spontaneous emission noise included; observation range r is changed, showing

(2) a SCL with external feedback, but the complexity of the system. D2

with the spontaneous emission noise converges at a fractal value between 2

artificially excluded; and 3, which is characteristic of

(3) a SCL with external feedback, deterministic chaos.

with realistic spontaneous emission (3) The behavior shown in (2) is

noise included. changed by the inclusion of noise. The

* trajectory in phase space (a return

map) is again blurred by the noise. The

V. THEORETICAL RESULTS resonantly enhanced external cavity

modes and relaxation oscillations are

The calculated results are shown in still very clear in the time evolution and

FIG. 4. Comparing the calculations for intensity spectrum. The convergent

these three situations shows the range of r for D2 is much shorter than

following conclusions, that without noise. Although the

(1) The noise-driven isolated deterministic chaos still has a clear

semiconductor laser has a noise-blurred signature, it is strongly perturbed by a

point in the return map. The SCL is noise-driven stochastic process. One

lasing in a stable state and fluctuating must be very careful in examining the

around that state under the influence of dynamics of the external cavity laser

the spontaneous emission noise. The flat with spontaneous emission noise.

I
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VI. CONCLUSIONS 161 G.P. Agrawal, IEEE J. Quantum

We have demonstrated both Electron. 26, 1901 (1990)
experimentally and theoretically that [71 G.P. Agrawal, J. Appl. Phys. 63,

external optical feedback can greatly 1232 (1988)
increase the instability of SCL by [81 P. Grassberger and I. Procaccia,

resonantly enhancing the relaxation Phys. Rev. Lett. 50, 346 (1983)
oscillations and the external cavity [91 N. B. Abraham, A.M. Albano, A.
modes. The theoretical calculations show Passamante, and P.E.Rapp, Editors,
that deterministic chaos is present in "Measures of Complexity
the process of coherence collapse, but and Chaos", Plenum Press, 1989

this process is affected by the presence

of spontaneous emission noise. The

experiments are continuing in order to

provide more comparisons between

experiment and theory in the future.
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A systematic experimental and theoretical study of first-order grating coupling to surface plasma waves exist-
ing at an air-Ag interface is presented. The experiment extends beyond previous work to grating depths com-
parable with the grating period. The grating profiles range from sinusoidal to rectangular. For TM-polarized
incident radiation this grating depth range includes the entire spectrum of surface-plasma-wave-rsdiation
coupling-from underdamped, to nearly 100% coupling, to overdamped and the disappearance of the resonance
from the zero-order reflectance measurements Strong polarization and absorption effects are observed for
the deepest gratings. A simple theoretical model, based on the Rayleigh hypothesis and retaining only rebo-
nant diffraction terms without a small-signal approximation being made, provides good agreement with the ex-
perimental results

INTRODUCTION where k. = 2r/ is the free-space optical wave vector.

The study of the interaction of light with periodic struc- The phase-matching condition for excitation of SPW's is
tures (gratings) on metals has a long and distinguished satisfied whenever ko sin 6A the component of k along the

history. In 1902 Wood' first noted the anomalous behav- metal-air interface, satisfies the condition

ior (christened Wood's anomalies) displayed by diffraction _ sin = "Aspw" + n2-rjsd, (2)
gratings of large and rapid changes in diffraction intensi-
ties for small angular and spectral variations. Rayleigh" where d is the grating period, 6 is the angle of incidence,
presented in 1907 the first theoretical explanation of these n = ±L - -.... is the coupling order, and kspw' is the real
anomalies in suggesting that such behavior was due to the part of the SPW wave vector. In Eq. (2) the choice of a
cutoff or the appearance of a new spectral order. In 1941 negative sign preceding kww' corresponds to a SPW mov-
Fano first distinguished between two types of Wood ing in the direction opposite the incident wave. This ex-
anomalies: (1) an edge anomaly, with a sharp behavior pression assumes that the grating wave vector is in the
related to the passing off of a diffraction order (i.e., a dif- plane of incidence; i.e., the grating lines are perpendicular
fraction order passing over the horizon, 90" to the surface to the incident wave vector.
normal) and (2) a resonance anomaly due to excitation of a The SPW dispersion relationship is plotted in Fig. 1 for
bound or surface wave at the metal-dielectric interface.' a louless, free-electron metal (e4, = 1- I , /'), where

Surface plasma waves (SPW') are TM modes of the the axes are normalized to the plasma frequency ,, and
electromagnetic field bound to the interface between a the corresponding optical wave vector (k, = &,/4) Also
metal and a dielectric. The condition for existence of the shown as two vertical dashed lines, corresponding to the
SPW node is e.' < -e,, where e.,' is the real part of the n = t1 orders in Eq. (2), are the wave vectors of a surface
metal dielectric constant and ej is the dielectric constant grating. Finally, the wave vectors accessible in then = 0
of the dielectric. Related modes, first investigated by andn f= ±1 orders by variations in the angle of incidence
Sommerfeld,' exist when one of the media is highly lossy. are shown as horizontal lines. This figure was drawn for
The SPW phase velocity is less than the light velocity in a grating period smaller than the optical wavelength
the dielectric, and phase matching between an incident, (Ad > 1); note that there is only one point that satisfies
freely propagating wave and the SPW is accomplished Eq. (2L for n = -1, and at this incident angie there is no
either by a prism' or by grating coupling techniques. allowed diffraction order.

The SPW dispersion relation for a planar metal-air in- In 1967 Teng and Stern first detected SPW's optically
terface is simply given by' by bombarding 1200-line/mm (833-nm-period) gratings

with 10-keV electrons and observing the emitted optical
kAu, w koe./(e, + 1)1', (1) radiation.' They observed that the line shape of the

3 0740-3224/91/040770-10$O0rO0 01991 Optical Society of America



Zaidd ,t .e. Vl. S. No. 44AWi 1991 Opt. Soc. Am. S 771

0.60 -Weber" simplified this treatment by developing a renor.
C C nmalized mode-coupling theory that retained the resonant

terms and treated all other terms within perturbation
theory. Yamahita and Tsuji" independently developed a

0.48 differential formulation that treats the resonantly gener.
ated fields on a par with the incident fields and allows for
saturation and decreases in coupling with increasing grat-

3k 0Sl649 ing depths. They employed a power-series expansion in
0.36 koh and restricted their study to small grating ampli-

-/ -- 1 tudes; simple analytic expressions were obtained for the
',SPW +2*/d coupling strength as a function of h.

Z COUPLNG In this paper a comprehensive experimental and theo-0.24 ',-1 ! retical study of frst-order grating coupling to SPWs for a

, wide range of grating parameters is presented. The ex.
,r perimental results establish, for the first time to our

r| ,knowledge, a relationship between grating depth and
0.12 grating period for SPW coupling and extend to grating

depths that no longer support SPW's but rather show
-s-/[ '', ./dpolarization and absorption effects. The theoretical ap-0.00 proach is an extension of the Rayleigh hypothesis includ-

Sing only resonant terms in the Rayleigh expansion (cf.
-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 Refs. 23-25). This results in considerable simplification;

WAVE VECTOR (ky k reasonable agreement between theory and experiment is
Y Pfound out to depth/period ratios of -0.5. Gupta et a."

Fig. 1. Dispersion relation of SPW for akmless, free-electron used a similar approach to describe grating coupling to
metal (e = 1 - &, 2/W2). The axes are normalized to w. and long-range SPW modes on thin, symmetrically bounded,
k, = w€. The grating wave vectors corresponding to n = 1 metal films
order af grating of period d are shown ss vertical dashed lines. mtlfls
The range of wave vectors accessible by variations in the input
angle from normal to grazing incidence for n = 0 and n = ±1 is GRATING FABRICATION
shown as horizontal lines. Note that for this choice of parame Gratings were fabricated holographically in positive pho-
tern (Ald < 1) there is only one SPW coupling resonance, and at
this resonance angle there is no propating diffraction order. toresist layers spun onto Si substrates with the use of the

488-nm line from a single-mode Ar-ion laser. The details
emitted radiation was influenced by the surface condition of the grating fabrication were presented elsewhere.Y
of the metal but was independent of the energy of the bom- The grating profiles were approximately sinusoidal for
barding electrons. Cowan and Arakawa carried out a shallow depths, evolving toward rectangular profiles as
detailed study of the SPW dispersion curves for dielectric- the depth was increased (c. Fig. 4 below). After develop-
metal layers on concave diffraction gratings and also de- ment these gratings were coated with -100-nm-thick
veloped a quantum-mechanical formalism to describe electron-beam evaporated Ag films. Films were de-
their results-' Hutley and co-workers published in 1973 a posited at room temperature and at background pressures
detailed experimental study of the anomalies of sinusoidal of low 10"4 Tort.

profile gratings as a function of grating depth -n and
characterized the SPW line shapes for grating depths OPTICAL ARRANGEMENT
h ranging up to 60 nm for 500-nm-period gratings (hid s All of the measurements reported here are of the angular
0.12). The integral formalism developed by Petit and dependence of the zero-order reflectance for a fixed-
others 8 was used to describe these results with good frequency TM-polarized He-Ne ler beam at 633 nm.
agreement. Pockrand and Raether, in an extensive series The samples were mounted as one su"%ce in a 90" corner
of publcations,1"' characterized the SPW coupling as a reflector attached to a computer-controlled rotation stage.
function of grating period, depth, and profil. The grat- This arrangement ensured that the reflected beam was
ings studied were sufficiently deep for better than 98% always returned in the same direction and eliminated the
coupling into the SPW mode to be realized. A perturba- necessity of a second rotation stage for the detector. The
tion analysis, developed by Kroger and Kretachmann,W incident laser beam was focused with a long-focal-length
was used in modeling these results with good agreement, (0.5-m) lens to a spot of -2 mm. This provided an angu-
although clearly the perturbation approach must break lar limitation of 0.0W, much smaller than the observed re-
down as the coupling efficiency approaches 100%, A com- flectance variations. Care was taken with the alignment
plete theoretical treatment of grating coupling to SPW's to ensure that the axis of the rotation stage was in the plane
was provided by Mills and co-workera." n Their approach of the grating so that the laser spot sampled the same area
uses an integral formulation of the boundary-value prob- of the grating throughout a scan. Grating depths were
lem at the grating interface and an extinction theorem measured in cross section with a scanning electron micro-
mechanism following from Green's theorem that was first scope (SEM). This introduces some errors, estimated at
applied by Toigo eta/.2 The letter study does not give ±5 nm, owing to uncertainties in the SEM calibration
simple analytic results but relies on extensive compu- and variations in the grating depth for the different areas
tational and numerical evaluation. Glass et al." and sampled in the optical and SEM measurements.

I
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3 EXPERIMENT THEORY (3) The shift in the SPW resonance to smaller angles

- witnh increasing depth1(4) The residual SPW coupling even at large grating
I () depth/grating period ratios,

(5) The increasing coupling to the n = -1 diffraction
order. (The sharp sp ke at -38* corresponds to the collec-

(a) depth = 8 am (o) depth = 10 nm tion of the n = -1 diffraction order in the optical system
and is not part of the ze,--order reflectance. It does pro-I vide a useful monitor of the ene~rgy in the diffracted order.)

SEM images of the gratings used for the measurements

Uof Fig. 3, taken in cross section, are sh, .-n in Fig. 4.I Z Note that the grating shapeE are sinuboidal at low depths

E- (b) depth 15 .m depth 14 .. bu, gradually show increasing harmonic components and
trend toward rectangular profiles for the deepest gratings

____'_____ ___ -_ - ____ iinvestigated. This pr ofil e modification results from theI grating fabrication technique-2
Similar experiments were ptrforme4 for gratings with

periods of 392 and 440D nm, in an investigation of the de-
pendence of the coupling efficiency on grating depth and

_ _ _ grating period. All the e- peri aents were carried out at a
S (c) depth = 22 m (g) depth = 19 nm wavelength of 633 nm, in avidance of variations in the

oth_ metal optical properties. Qualitatively similar behavior

0 [was observed, with comparable coupling efficien'ies oc-
curring at shallower grating depths for finer gratings.
Experimentally determined coupling efficiencies, reso-

nance angles, and resonance linewidths for all three sets
(d) depth = 35 nm (h) depth = 28 nm EXPE"ENT THEORY

5 10 15 20 35 5 10- 15 20 25

INCIDENT ANGLE (deg)

Fig. 2. Zero-order reflectance at 633 nm for 510-nm-period
gratings with varying grating depths. The left side [(a)-(d)] pre-
sents experimental results; the right side [(e)-(h)] presents theo-
retical modeling. See the text for detas ( = 43 . m () depth - 40 am

EXPERIMENTAL RESULTS
Zero-order reflectance measurements for a series of 510- A
nm gratings with increasing depth are shown on the left- o
hand side of Fig. 2. The theoretical modeling shown on Z

the right-hand side will be discussed below. The major e:ec-_ i(b) depth = o am () depth 86 o m
features to be noted in these measurements include the (
followin.

(1) The excitation of SPW's at 9 - 11.8' corresponding
to the sharp dip in the reflectivity (note that there is no
diffracted order at this angle, so that this decrease corre-
sponds directly to energy coupled into the SPW mode),

(2) The rapid increase in coupling efficiency with in- C (c) depth- 88 am ) dept- 9 am
creasing grating depth to a maximum observed coupling
of 94% at a grating depth of 35 ni, 0

(3) The horizon for the n = -1 diffracted order at depth - 145 am depth = 120 xm
I - 13.8' (this is apparent as the cusp in the reflctivity fi-rt order

as energy is transferred from the specularly reflectedbeam to the diffracted beam).

Similar results for deeper gratings are presented on the (d)(h) _

Ieft~hand sideof Fig. 3. Note thelargerangular scale 5 12 19 26 33 40 5 12 19 26 33 40
in this figure. Specific features to be noted include the INCIDENT ANGLE (deg)
following: Fig. 3. Continuation of Fig. 2 for deeper gratingsL Note the ex-

(1) The relatively gradual decrease in the coupling effi- panded angular scale Again. the left side (a)-(d)' preents ez-
perimental results; the right side [(e)-Q)1 theoreticsl modeling.ciency of SPW's, The sharp spikes on the experimental data at -38" correspond to

(2) The clear broadening of the SPW resonance with in- then- -I diffr tion order entering the collection optics &dSrewing depth, are not a part of the zero-wd a reflectivity.
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[variations of grating depth and profie must be inveti-
•gated for optimization of the polarization of the reflected

beam. Such polarization behavior for square gratings
*A was predicted" and demonstrated in the infrared 3; to

O A petiod - s2 am our knowledge, though, this is the first observation ofU : poiod - 44o am these effects in the visible spectral region. SEM pictures
a , "d - 510 ,= of the gratings are shown in Fig. 10.

£ (a) I Further increases in grating depth result in rectangu-
0 .o 0-. 1 0 . 0.4 lar profiles with decreasing line/space ratios. Angular re-

_ __ flectance scans for deep rectangular gratings are shown

i(b) £ in Fig. 11 [(a) 320-nm depth, 392-nm period; (b) 330-nm
4) depth, 440-nm period; (c) 300-nm depth, 510-nm period]

A * There is a broad absorption of TM-polarized radiation,I" while a large diffraction efficiency, increasing with in-
A a creasing periods, is observed for TE polarization. Fig-

OA ure 12 shows SEM pictures of these gratings.

0. .1 . o' 0.4 THEORY
1.0 AD During the past thirty years many grating theories based

S on the vector character of the electromagnetic field have
been developed. An excellent summary can be found in

Z OA t SO A Refs. 6, 13, and 20. Integral methods, developed by Petitand others, evaluate the field at any point in terms of

ri an integral over the grating surface A (cf. Fig. 13). A
r o4 0 variation of these integral techniques based on a Green's-

A M function formalism specifically directed to the evaluation

0.1 .U .. of the SPW dispersion relation on a periodic surface was

GRATING DEPT / GRATING PEMIOD extensively developed by Mills and co-workers 0 .1 and

Fig. & Data of Figs. 5-7 for the SPW resonance angle, the reso- Otagawaa In addition, a differential formalism, devel-

nance linewidth, and the coupling efficienc replotted against the oped by Nevierre at," was applied to SPWs on a per-

dimensionless parameter hMd. Note that this parameter is ap- odic surface by Numata." All these approaches are fully
proximately invariant for these three grating periods, rigorous, bold for arbitrary profiles, and require exten-

of gratings are presented in Figs. 5 6, and 7, respectively. First-order

The solid curves are theoretical and will be discussed TE

below. With increasing grating depth each of the data sets ,%
displays an initial rapid increase in coupling efficiency, 44 TM

peaking at over 90% and a slower decrease in efficiency; '2
an approximately quadratic decrease in the resonant cou- (a)
pling angle; and an approximately quadratic increase in .0 _

the resonance width. _._

These results are summarized in Fig. 8, which shows all
three sets of data plotted against the dimensionless pa-

C TE
rameter h#d, ie., grating depth/grating period. Within
experimental uncertainties these results appear to follow
a common behavior. Some of the variability may well

arise from differing grating profiles, especially for the .

deeper gratings.
Further increases in grating depth, accompanied by a 0

change in profle to rectangular, lead to an elimination of __

SPW effects. For approximately square gratings strong
polarization effects demonstrate the possibility of the fab-
rication of reflective polarizers for visible radiation. This

is shown in Fig. 9 where reflectance scans for the three
grating periods are given for depths of 200 nm (392-nm
period), 170 nm (440-nm period), and 190 nm (510-nm
period, which resulted in maximum polarization effects. 0 (C)
Note that for TM polarization, almost 100% of the in 0 30 45 60
dent energy (-9f% for the 510-nm-period grating) is cou- 0ni N 45e60

pled into the first-order diffraction peak for angles beyond Incident Angle (d og.)

the horizon for this order. In contrast, only approxi- ig. r Sequence of zero-order reflectance scr for apprzi-

mately 20% of the energy polarized in the TE direction is effect: (a) ka - 00. s n92 o; (b) h 170 am, d

oupled out Of the zer*-orddr rfeted beam. Careful 440 am; and (c) h = 190 am, d - 510 am
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however, their treatment retained the expansion in koh,
which limits its applicability to larger grating amplitudes&I Nevertheless, their model provided an elegant analytic
result that included the quadratic [ at(keh)OJ increase in the
SPW Intensity with grating depth for shallow gratings,
the saturation of the SPW intensity at a coupling effi-

(a) ciency near 100%* and a gradual decrease of the coupling
[ae(kok)-] for deeper gratings as the energy is coupled
back into the radiating fields, in qualitative agreement
with the experimental results presented above. Weber"4

presented a related analysis, based on the extinction theo-
rem, that retains the nonresonant terms in a perturbation-
theory expansion in koh while also keeping the resonantI terms.

These models begin with a time-harmonic, plane-wave
expansion of the electromagnetic field in the regions out-

side the grating kerf (z <O0and z > h, Fig. 13); the mag-
netic fields of the TM-polarized fields are given by

(b) V = B'. = {exp(i(k~y + h~)
+ I~ B%. exp(i(k,.y - a~z)Jle., z < 0 (3a)

and

B" = B". BT '. exp(i(k~y + Pz)Je,,,

sz> h, (3b)

-where k, = kesin0, k, = kacos0, k. =k, +ng,
n =0,±1.t2..., g = 2r/d is the grating wave vector

with d the grating period, a. = &k1- k,') ", P.=

0

pig.lo.=M pctues o th graing use fo thewaaure- 0 T
C

perg.rat0. Sexlpnire in he g waten e usefr the geasureng

sdeh cmati n tyicyonving mnaRyeg rparice poadrc0h
oh"albeenpeetd.r3-6I these treatments the

scattered field amplitudes are also treated as small qan-
tities of the order of koh times the incident and ref lected/
transmitted field amplitudes. These models have theN
virtue of relatively simple analytic results and red phys- TM
Cal interpretation. These perturbational approaches (C) TE
ceaerly break dnas the couplngefficncies into S 0 _ _ _ _ _ _ _ _ _ _

modes and diffraction orders approach unity, sinm they 0s 15456
do not sef-oisistently describe the necessary dcrese Incident Angle (dog.)
in the zero-order reflected and transmitted beams. FgILSqeca(zr-rrrfltnesamordpr
Yamashita and Tsuji" treated the coupling problem r LSqec f oodrrfectanguacetng Jl 1 bwn s can s fton afeeper

Witin he aylighbyptheisiwihou marinthesmal- (a) A, - 320 urn, d 392 urn; Mb & - 330 am. d - 440 arn; and
signal approximation for the resonant scattered fields; (e) h - 300 am,. d -510 am
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and Cadilhac" showed that for TE polarization the Ray-

leigh expansion is convergent for h/d < 0.14, and pointed
out that reliable results could be obtained eve- for h/d val-
ues as great as twice this limit. A detailed analysis of the
applicability of the Rayleigh hypothesis to rel material.
was recently presented." Glass dt aL.' pointed out that

a) I.the extinction theorem formalism leads to the identicaldispersion relation.
The approach used here in the compariso with experi.

~ment is to apply the Rayleigh hypothesis for TM-polarized

input radiation. For the gratings used in these experi.

ments, hid extends to 0.8, although detailed Comparisons
are attempted only to -0.3. The calculation does not

make a small-signal approximation for either the grating
depth or the diffracted field amplitudes. The plane-wave
expansion [Eqs. (3)] is truncated by the retention of remo.
nant terms, e-g., n =f 0 and n = L In addition, the next
terms, n = -2 and n =f + 1 are retained in the numerical

evaluations and are determined to be small relative to the
resonant terms. Energy conservation, i.e., a constant

(b) total of the energies in the diffracted beams and absorbed
in the metal, is used as a further check on the calculation.

Thus Eq. (3) is assumed to hold up to the grating sur.
face defimed by

f(y) = u sin(gy), (4)

where u = h/2 is the grating amplitude. Using the gener-

ating function for Bessel functions, we can write

exp[ilyf(y)] = exp[iyu sin(gy)] = exp(ipgy)J,(-yu).

(6)

(C) The boundary conditions satisfied by these fields are

{SB(y, z) = B=( z)},..A, (6)

and

{ B'(yz 1 OB'(y,z)}(
an en an J'. 1

where

12. szN pictures of the gratings used for the measure- a_.r[I + 021-1% aO a
metof Fi.. 11+\ay I \e ly

Il.X Applying these boundary conditions leads to an infinite
set of coupled linear equations:

- ,ku + I B'a(-1)-m J,_.@.u) - 8a.J,.. U) = 0

METAL, e (co) (8)

Fig. 13. Geometry used in the analy& and

k.' - ko.)"* , and e. is the metal dielectric constant. k. - p(/ (k.u) - a [. -. ( -l- -'gk.

Within the grating ker( (0 < z < h), the validity of this ka

expansion is not well established. Rayleigh made the 1 [ (p - n)gkl.
assumption, known as the Rayleigh hypothesis, that for x (a.u) - -e . 5." ,.J.n(u) = 0,
sufficiently shallow gratings this expansion is valid every- (9)
where. This hypothesis was investigated by Van den Berg
and FokkemaM* and shown to he analytically correct; Petit where p and n are integers extending from -a to +a.
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,o . o4 .9 h'.0o02,0 ".om the present calculation yields a SPW intensity that is
24% larger than the more rigorous calculation of Garcia.'

0. * 0 For deeper gratings the agreement is generally within
109L A similar result was fow by VW er" in his devel-
opment of a coupled-mode analysis. This comparison

904 indicates that despite the relative simplicity of the fornu-
lation the present model provides substantial insight into
SPW coupling.

224 23 ,4 1 2 3 2 . 2 . COMPARISON OF THEORY
INCIDENT ANGLE (deg) AND EXPERIMENT

The initial step in a comparison of this model with the ex-

( .0 perimental results is the establishment of the deposition-r:.l(0) dependent dielectric properties of the Ag tfilm. Various

lot 0.6 values of the Ag dielectric constant at a 633-nm wave-
- .Vlength have been reported, viz., (-16.4,0.54),39

0.4 (-17.90.49),' and (-18.9.2.35).e As is reflected in this

U0.2 wide dispersion of reported values, the dielectric prop-
N (b 0.0 (erties of thin films are dependent on deposition- and

substrate-dependent columnar structure, granularity,
.0 subideal density, and incorporated impurities. Given this

-17 70)1 0.6 a s uncertainty, the approach adopted here is to adjust the
o.6 (dielectric properties to obtain a best fit to the experimen-

ii51tal result for a single grating [510-nm period, 22-nm depth;{ j J 0.4 Fig. 2(c) which gives a value (-13.65gt 0.82); this valueOl 0.2 was used for all the comparisons between theory and
ci W Z 5 z 0.0 experiment. The fit for this grating is shown in Fig. 15;

o ( 2) 26 23 24 25 26 excellent agreement is obtained for a calculated depth of

INCIDENT ANGLE (deg) 19 nm- In subsequent measurements, which will be re-

Fi. 14. Comparison of (a) calculations of Garcias with [(b)-(e)] ported in detail elsewhere, the dielectric properties of Ag
present calculations for 800-nm-period Au gratings at 633 nm films deposited on Si substxates under identical conditions
(As = h/2d). were determined independently by ellipsometric tech-

niques to be (-12.g0.76), within 7% of the values obtained

Note that no small-signal approximation was made in the here. The grating fabrication and the film deposition in-

derivation of these equations. These equations are now volved in the present study were carried out over a period
truncated by the retention of only the fields for n = 0 and of several months, and deposition conditions and the re-
a - 1, the reflected/transmitted and resonant diffracted suiting film properties invariably drift over this time
terms, which are expected to be large based on phase- period; no adjustment was made in the dielectric values

matching arguments [cf. Eq4 (2) and Fig. 1] In addition, used in the comparison between theory and experiment.
the fields for n = +i and n = -2 were retained as a check
on the convergence. The relative field intensities for theory
these two orders for a 510-nm-period grating at a depth of
22 nm were 0.017 and 0.0018, respectively, lending support - experiment
to this truncation procedure. This leads to solving an
S x 8 matrix inversion for the field intensities. 5.

Using the Green's-function approach developed by Toigo .........
ed 01-1 Garcia evaluated the SPW fields and line shape for
sinusoidal gratings. The results, obtained by the incin- Z
slon ef 60 terms in the nmnerical analysis, are shown in
Fig. 14(a) for parameters appropriate to an 800-hn-period fis\r e
Au grating of various depths hi = h/2d. For this grating .horizon

period and wavelength (633 nm), AM < 1, and there are
two possible propagating diffraction orders. The reso-
nance shown in Fig. 14 corresponds to the n - +1 SPW
coupling; there is also a propagating a = -1 diffraction
order throughout this angular range. The numbers label-
ing the SpW curves in the figure represent the relative 10 11 12 13 14 15
intensity of the mode. The results from the present treat-
ment for the same parameters are shown in Figs. 14(b)- INCIDENT ANGLE (deg)
14(d). Note the overall similarity of the calculated I& Cl uted zero-order reflectity SPW resonance line
intensities and line shapes. Interestingly, the largest shves for e - (-13.6,0.82) St grating depth A - 19 nm. The
discrepancy is for the shallowest grating, hl - 0.01, where esperimental result (h - 22 ,m) is shown as the solid curve.
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1.2 - coupling at A = 480 nm and found a maximum coupling- peod - 392 nm
I.9- --" piod - 440 am /strength for grating depths of 40-60 n.

pi r-0- 440 " - i The model results are summarized in Fig. 16, which
ei - 0 shows the calculated resonance angle, resonance line-

.- I width, and coupling strength plotted against the dimen-
- - sionless parameter h/d for the three grating periods

•o4 *investigated. For evaluation of the coupling efficiency
rg (a) this parameter is reasonably invariant; there are more

0 .. significant deviations in the evaluation of the resonance
4.6 0.3 line-shape parameters.

&0 ()/ Overall, this simple model provides a good picture of the
(b) / experimentally observed resonance variations. Disagree-

4) /ments between theory and experiment increase for deeper
.gratings and larger periods. A significant phenomenon

not included in the theoretical model is the deviation from
sinusoidal grating profiles, which increases as the grating
depth is increased and also is more significant for larger
grating periods. The films also exhibit significant sur-

_ _ _ __ face roughness (see Fig. 4), which has not been included in
o. 4.1 o3 othe model and may influence the observed line shapes.

Calculated zero-order, TM-polarization reflectivity
o curves for deeper gratings, up to hid - 1, are shown

in Fig. 17. Again, there is good qualitative agreement
0.1 with the large coupling into the diffraction order for

f ois I deep gratings (h/d - 0.5), although detailed comparisons
L) are not possible because of the strong deviation from a

L4 simple sinusoidal profile of the experimental gratings.
0* 2 The model does not show the absorption of TM-polarizedW Ea I radiation seen experimentally. A detailed comparison

.0.1 02 3 with experiment requires deep sinusoidal gratings, which
GR OEPWIN / GRUNG PERIOD are inherently difficult to fabricate because of the strong

Fig. 16. Calculted S/'W resonance parameters pliat against nonlinearities of existing photoresistsU" More nearly
the dimensionless parameter hid. sinusoidal gratings can be fabricated on a transparent

substrate; research continues in the pursuit of a better
Comparisons with the experimental results are shown experimental test of the model for deep grating The

on the right-hand sides of Figs. 2 and 3. In each case the theoretical model loses much of its simplicity for rectan-
grating depth for the calculation is adjusted to give cou- gular gratings, where many Fourier components of the
pling efficiencies that match the experimental results. grating profile are comparable in intensity.
There is overall excellent agreement. For the deepest
grating shown experimentally, h = 145 nm, there is a
substantial difference with the model that is probably 1.2
associated with the significant deviation from a simple E4 period = 510 nm
sinusoidal profile at this depth (cf. Fig. 4). Figures 5-7 U
present the model results along with the experimental Z O .9
data for the coupling efficiency, the resonance ang and E-
the resonance Unewidth for all three grating periods inves- U
tigated. There is an excellent qualitative match between depth 500 nm

theory and experiment. The most significant deviation, 0.6
that for the linewidth of the 440-nm-period gratings, is
most probably Aue to a variation in the film dielectric
properties for this set of gratings. The coupling efficien-. depth= 300 nm
cies P~rat increase rapidly as the grating depth is increased, 0.3
saturate near 100% coupling, and then decrease as the
resonance becomes overcoupled owing to radiative damp- 0
ing back into the zero-order radiation fields This cou- = n
pling change is accompanied by approximately quadratic 0 0.0 1 " ..

changes in the resonance angle and linewidth with in- 5 12 19 26 33 40
creasing grating depth. Remarkably similar qualitative
behavior was predicted by Weber and Mills" in their INCIDENT ANGLE (deg)
numerical analysis of grating coupling for S0-nm-period F%. 17. Ca td x reflvity for dep (h1d - 1) .-
Ag sawtooth gratings. They evaluated the third-order nusodal gratings in TM polarization (d - 510 nam
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SUMMARY 5. A. Sommerfeld, Ann. Phys. (Leipzig) 2& 665 (1909)
6. A. D. Boardman, ed., Eletromagnetic Surface Modes (Veq

A systemstic experimental and theoretical study of first, New York, 1982)
order grating coupling to SPW's existing at an air-Ag 7. E. A. Stern, as quoted in R. A. Ferrel, Phys. Rex 111, 1214
interface was reported. The experiment extends the (1958)

range of investigated grating depths to h/d - 1. For TM- . S.Y . Tng and E. A. Sterm , Ph ys. R t , 9511(1979. J. J. Cowan and E. T. Arakawa, I- Plt XW, 97 (1970).
polarized incident radiation this includes the entire range 10. M. C. Huley, Opt. Acta 20, 607 (1973).
of SPW-radiation coupling-from underdamped, to nearly II. M. C. Huley and V. M. Bird, Opt. Acta 20, 771 (1973
I00% coupling, to overdamped and the ultimate disappear- 12. M. C. Hutley and D. Maystre Opt. Commun. 19, 431 (1976face of the SPW resonance from the observed zero-order 13. R. Petit, ed., Electromagnetic Theory of Gratings (Springer.

Verlag, Berlin, 1980).
reflectance. Strong polarization and absorption effects 14. I. Pockrand, Phys. Lett. A 49, 259 (1974).
are observed for the deepest gratings. A simple theoreti- 15. I. Pockrand and H. Raether, Opt. Commun. 18, 395 (1976).
cal model, based on the Rayleigh hypothesis and retaining 16. 1. Pockrand, J. Phys. D 9, 2423 (1976
only resonant diffraction terms without making a small- 17. I. Pockrand and H. Raether, Appl Opt. 16, 1784 (1977).
signal approximation, provides good agreement with the 18. H. Raether, Opt. Commun. 42, 217 (1982).

19. E. Kroger and .Kretach n. Phys. Status Solidi B 76, 515
experimental results. (1976

Several extensions of this work are immediately appar- 20. V. M. Agranovich and D. L. Mills, eds., Surface Polaritons
ent. For larger grating periods there are more diffrac- (North-Holand, Amsterdam, 1982)
tion orders and SPW coupling resonances. Interesting 21. M. Weber and D. L. Mills, Phy. Rev B 27, 2698 (1983).

22. F. Toigo. A. Marvin, V. Celi, and N. R. Hill, hy. Rev. B ,
coupling effects occur when two of these resonances occur 5618 (1977).
at approximately the same angle. These effects have 23. N. E. Glass, M. Weber, and D. L. Milla, Phys. Rev. B 29, 6548
been investigated experimentally and theoretically and (1984).
will be reported in a subsequent publication. In addition, 24. M. G. Weber, Phys. Rev. B 33, 909 (1986).

the %Vw resonance can be used to characterize metal op- 25. M. Yamashita and M. Tsuji, J. Phys. Soc. Jpn. 52, 2462the reonace an e ued t chracerie mtalop-(1983).
tical constants under a variety of deposition conditions. 26. S D. Gupta, G. V. Varada, and G. & Agarwal, Phy. Rev. B 36,
A study is under way that compares this technique with 6331 (1987)
more conventional techniques such as ellipsometry. 27. S. H. Zaidi and S. R. J. Brueck, Appl. Opt. 27, 2999 (1988).
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For grating periods larger than the excitation wavelength, multiple-grating orders couple incident optical radia-
tion to the surface plasma waves (SPWa) characteristic of the metal-air interface. For a grating period that is
an integral multiple of the wave vector of these surface modes, two resonances become degenerate in coupling
angle. There are also permitted diffraction orders at this coupling angle. The vicinity of this multiple-mode
coupling resonance, where several free-space electromagnetic modes, as well as two surface modes, are coupled
by different orders of a grating, is known as a minigap region. Not surprisingly, the response surface displays
complex dependences on frequency, angle, and grating profile. A detailed experimental and theoretical stuy is
presented of the optical response at 633 am in the (+ 1 - 2) minigap region for Ag films deposited on photolitho-
graphically defined 870-nm-period grating& Measurements of both the 0-order reflectance and the -1-cedrd
diffraction are presented for a wide progression of grating depths. The SFW resonances depend on the grating
depth, and this variation is used to tune through the minigap region for a fixed wavelength and period. Simi-
lar measurements are presented for a single grating as a function of wavelength through the minigap region.
In both measurements the 0-order response shows only a single broad minimum as the resonances approach
degeneracy, while the -1-order diffraction shows learly defined momentum gape. A simple theoretical model
based on the Rayleigh hypothesis i presented that gives a good qualitative picture of the response. The re-
sponse surfaces are sensitive to the grating profile, and detailed modeling requires inclusion of higher-orderc grating components.

1. INTRODUCTION ried out a detailed experimental study of the anomalies of
sinusoidal diffraction gratings in the visible spectrum.

Optical interactions with metallic gratings have long fas- The anomalies were characterized in a Littrow configura-
cinated scientists. Wood's initial observations of grating tion as a function ofgroove depth, period, and wavelength,
anomalies' were classified by Fano' into (1) diffraction and in some cases a reluctance of anomalies to merge was
anomalies associated with the redistribution of energy observed. Kroo et al.s observed similar gaps in the dis-
among diffraction orders when one order passes over the persion relation of SPW's in metal-oxide-metal structures
horizon (i.e., the propagation direction reaches an angle of and attributed them to the crossing of (+ 1, -1) coupling to
90" to the grating normal) and (2) resonance anomalies SPW'u. Chen et at.u experimentally investigated grating
associated with the propagation of guided waves along the coupling to SPW'a in the minigap regions, Le., degenerate
grating interface. A large body of experimental and theo- coupling to SPW's in two different grating orders, such as
retical research relating to optical interactions with peri- (+1, -2) or (+2, -2), and measured energy gaps for vai-
odic surfaces has been accumulated.'-" This paper is ous minigap regions. Weber and Mills and Tran et ol.'
concerned with resonance anomalies and is focused on the showed theoretically that interactions of elastically scat-
propagation of guided waves, known as surface plasma tered SPW's result in complex response sufaces in the
waves (SPW's), on bare metallic surfaces. vicinity of the minigaps and that a direct interpretation in

For grating periods less than the excitation wavelength, terms of a modal dispersion relation is difficult at best.
only first-order coupling to SPW's is permitted and has Detailed modeling and careful evaluation of couplings in
been described in detail elsewhere.' For grating periods both amplitude and phase are necessary for a ful appreci-
larger than the incident wavelength it is possible to couple ation of the experimental results. Heitman et al. 1

to SPW's in higher orders and to observe electromagnetic showed from experimental studies on metal-oxide-metal
interactions between these couplings. These interactions structures that the existence of energy or momentum
are the major focus of this paper. The first experimental gaps was dependent on the mode of excitation and the ez-
evidence of these interactions between different coupling perimental observable; i.e., using fast electron excitation
orders was provided by Stewart and Gallaway,# who ob- and light emitted from metal-oxide-metal structures,
served that in some cases Wood's anomalies did not become they observed energy and momentum gaps, but only en-
coincident but repelled each other as the optical wave- ergy gaps were observed from optical excitation (similar
length was varied to bring the resonances closer together, to Chen's results). They also pointed out that the anoma.
Ritchie d a.7 also observed gaps in the dispersion relation lies strongly depend on grating period, depth, and prorde
of the 8FW's and attibuted them to higher-order internc- as well as on the excitation mechanism and the method
tions between SPW'& Hutley' and Hutley and Bird' car- of detection

0740-3224/91/061348-12$0&00 0 1991 Optical Society of America
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0.60C Canalys*s based an a simple truncation of the plans-wars0.80 "c ' expansion of the scattered fields within the Rayleigh

hypothesis, provided remarkably good agreement with

I I I the rrst-order coupling results. Not srprisif& while
0.48 the major features of the experiment are reproduced the
0. 8agreement is le satisfactory for this more demand-

3 -O The dispersion relation for SPW's at a metal-air inter-
'- 0.36 i - face is given by*

/, I I\I1

spw sPw; -k h,[/(1 + )"', (1)
Z COUPLING i COUPLING

0.24 - #(-2)1 1)+ where k is the free-space propagation vector and e in
the metal dielectric constant. The excitation of SPW's

O' .takes place whenever the wave vector of the incident light
II Iparallel to the metal-air gratfig interface satisfies the

0.12 condition
N0.2 ko sin 0 + 2n/d --tAw, (2)

-. 0 //d 2 //d 1 2 rod

0.00 where 9 is the incident angle, d is the grating period, and
-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 n = 0,±1,±2,... represents the coupling order. For a

Ioadess free-electron metal (e -fi I - wp' / the disper-
WAVE VECTOR (ky/kp) sion relation [Eq. (1)] is plotted in Fig. 1, where k, = opl.

The vertical dashed lines represent the various grating
Fig. 1. Dispersion relation of SPW's for a loades free-ectron orders, and the horizontal lines indicate the accessible
metal(c = I - .,'mr4 The axes a normalized to ep, and k, - wave vectors (2vn/d to ke + 2rn/d) in the +1 and
&,/r The grating vectors corresponding to thea - I and a - -2 orders. Note that coupling to SPW's can be achieved
±2 orders of a grating of period d are shown as vertical dashed for both of these orders for the choice of w and d corre-
lines. The rane of wav vectors accessibge by varying the Input
angle from normal to grazing incidence for n - +1 and n = -2 is sponding to the present experiment. Coupling in the +1
shown as horizontal lines. Note that for this choice of parame- (-2) orders results in the propagation of SPW's in the for.
ters (Al - 0.73), there are two SPW resonances and that the -1 ward (backward) [i.e., same (opposite)] direction as the y
diffraction order propagates throughout the angular rangs. component of the incident wave vector. The -1 diffrac-

tion order is permitted throughout the angular range of
When higher-order couplings to SPW's are studied, the the two SPW couplings, and its properties are strorgly in-

permitted diffraction orders are strongly coupled to the fluenced by the SPW resonances. Also note that degener-
SPW's; therefore the incident beam, all propagating dif- acy in the coupling angle 9 corresponds to the coupling of
fracted beams, and the SPW's must be taken into account the oppositely directed SPW'a by an integral multiple of
for a complete understanding of these complex interac- the grating wave vector (3 in this caes In a fashion fa-
tiona. The effect of SPW resonance on diffraction orders miliar from many examples of mode coupling, this degen-
has been studied by many authors' 11 However, all those eracy results in the interactions between the SPW modes
studies dealt with single SPW resonance; the effects of that give rise to the minigap effects.
multiple couplings have not been investigated rzperimen-
tally. Here, a systematic theoretical and experimental in-
vestigation of SPW interference in the (+1,- 2) minigap- La
region is presented. Both the 0-order reflectance and the
-1-order diffraction (the only permitted diffraction order
in the anguar region of 81W coupling) wo measured at A"
633 nm a a function of the incident angle for various grat-
ing depths and profiles at a fixed grating period of 870 nm
The angular shifts in the SPW resonance angles as a I o
result of the increasing grating depths were used to tune I
through the coupling degeneracy. By adding intensities
in the 0-order reflectance and the -- order diffraction to
find the total reflected energy, we observed momentum
gaps. Ao, for a single-grating profile similar measure
ments wefe repeated as a function of wavelength. Con- o
sistent with the experimental results discussed above, state Stas'
momentum gaps were not found in the 0-order reflec.
tance; however, well-defined momentum gape were ob- "
served in the -1 diffraction order.

Finally, a simplified theoretical formalism, developed Fig. 2. lexperimental arrangement for reflection and ddrrsctie.
for the analysis of first-order coupling,' is extended. This order measurement
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for the different arms sampled in the optical and SEl
measurements.

Th 3. 0-ORDER REFLECTANCE
al 24 55 ~MEASUREMENTS

a-1 h[ E_ _ I Figures 3a-3d show the 0-order reflectance scans as the
0grating depth is increase& The plots in Figs. 3e-3h are

obtained from the modeling and will be discussed in Sec-
,5 tion 8. The following important features should be noted:

(1) The excitation of SPW's in the first (n = 1) and
Z second (n - -2) orders at -18" and 24.7", respectively,
cUI- 30 um (2) The horizon for the associated diffraction orders at

b t 6n2- 4 um 1&8" and 27.1", respectively,
(3) The increase in the first-order coupling efficiency as

the grating depth is increased,
(4) The relative weakness of the second-order coupling,

Pd T(5) The decrease in the angular separation of the two
coupling resonances as the grating depth is increased.

zuft I= Also note that the angular shifts in the second-order rem-
0 C h 7 nance are almost twice those in the first order.
I For deeper gratings the corresponding measurements

O are shown in Figs. 4a-4d; as before, Figs. 4e-4h are ob-
tained from theory. Note the following features:

(1) The increase in the -2-order coupling strength,
(2) The merging of the first- and second-order cou-

plings, resulting in a saddle-point line shape,
d= h85 nn hZ 2u-On

10~ h=bi 2u2 110 nm
i0 15 20 2 30 10 16 20 25 30h-9 m2-70m

INCIDENT ANGLE (deg) Zu2- 14 m

Fig. 3. O-order reflectances at 633 nm for 870-nm-period rat-
ing with varying grating depths h. The left-hand column
presents experimental results; the right hand column presents
theoretical modeling. See the text for details.

:an_ 5

2. EXPERIMENT __

Gratings were fabricated holographically in positive photo- b- 110nm = , 2=

resist 3n Si substrates with a single-frequency Ar-ion '2- 20nm

lase source at 488 nm.' Grating depths were varied by
adjustment of the exposure time. This results in varia-
tions in both the depth and the grating profile, which &._ 4
varies from approximately sinusoidal at small depths to L) b_
rectangular at the deepest gratings investigated. These
photoresist gratings were coated with -100-nm-thick Agh-12= u 30a
films with the use of an electron-beam evaporator system
at room temperature and at a background vacuum of low-
104 Torr.

The optical measurements were scans of reflectance
(diffraction) versus incident angle in the experimental 9
setup shown in Fig. 2. In this arrangement two concen- .I-
tric rotation stages are used, with the sample mounted on 0
the inner stage and the detector mounted on the outer I 1U I - 1 0 m
stage, The data acquisition step involved a personal com-b-1 2 0 um

puter interfaced with a stepper motor controller, which, in
turn, coatrolled the two rotation stages. Most measure-
ments were made at the He-Ne laser wavelength. For the( variable-wavelength mesurements a cw-dye-laser source d b
wasused. Gratingdepthwere mesured in cross section 10 16 20 25 30 10 15 o as so
with a scanning electron microscope (SEW) This intro-
duces errors, estimated at *5 nm, owing to uncertainties INCIDENT ANGLE (deg)
in the SEM calibration and to variations in grating depths Fig. 4. Sme as Fig. 3 but for deeper gmtinga.
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~ from that of Figs. 3 and 4. For these approximately
rectangular grating structures (cf. Fig. 7), there is an

~clear SPW coupling resonances, and line shapes that do

S " . ' ' not lend themselves to simple interpretation.

4. -1-DIFFRACTION-ORDER
-MEASUREMENTS

For this grating period and measurement wavelength the
-1 diffraction order is a propagating mode throughout the
entire incident angle range including that of the SPW reso-
nances. Coupling to this propagating order provides addi-
tional information on the SPW resonance characteristics.
In fact, the first observations of Wood's anomalies were

brelated to diffraction orders rather than to O-order reflec-
tance. Measurements of the energy coupled into the SPW
mode must take into account both the reflectance and the
energy coupled into the diffraction order. Diffraction-
order scans corresponding to the 0-order scans of Figs. 3a-
3d are shown in Figs. 8a-8d; as above, the plots in
Figs. 8e-8h are obtained from theory. The vertical scale
on these measurements is the same as that for the 0 order,
so the diffracted energy in the -1 order is significant
when compared with the reflectivity. The following fea-

C tures should be noted:

(1) The line shapes are derivativelike as the incident
angle is varied through the SPW resonances,

(2) The coupling strengths are equal, in contrast with the
much weaker -2-order coupling observed in the reflectiv-
ity (cf. F i. 3a-3d),

.b " 4 - q(3) Neither the maxima nor the minima in the diffraction-
, ,W 'It ' .order intensities correspond to the 0-order minima,t X W(4) There is an enhancement of the diffraction-order in-

tensity in the region between the SPW interactions.d" ';-:(6) As the grating depths increase, the angular sepers-

tion between the SPW resonances as measured between

d= 870 nm
h=2 00 nm

Fig. & Cro-section SUm Phomtraph of the grating. ussd
for the experiments. The measured depths are (a) 95 nm,
(b) io nn, (e) 122 nm, and (d) 150 nm.

Sa
(3) The emergence of a broad minimum (Fig. 4d),

where first- and second-order couplings can no longer be
distinguished.

12d= 870 nm
This in similar to the behavior observed u and calculatedd
forsimilarfixed-frequencyreflectivityscansinthevicin- h= 380 nm
ity of a minigap As a result of the saddle-point response
surface, only a single, broad resonance is observed when 0 0
is varied for fixed w, while two distinct reasonances and an I
energy gap are found when w is varied for fxedA 0 b

In Fig. 5 SEM profiles of the gratings used to obtain
Figs. 4a--4d are shown. Increasing grating depth also 10 20 25 30 Q
results in increasing deviation from sinusoidal profiles as
a result of the grating fabrication technique. For still INCIDENT ANGLE (deg)
deeper gratings the corresponding measurements are Fig 0-Brerrflectances at 633 nm for gratin with (a) psid-
shown in Fig. 6, where the vertical scale is unchanged ual SPW effects and (b) absorptive behavi.
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(3) The enhancement in the -1 diffraction order is such
that the minimum in the 0 order (Fig. 4d) corresponds to
the maximum in the 'ffraction order (Fig. 9d)

SA comparison of the 0-order (Figs. 4a-4d) and -1-difira
tion-order (Figs. ga-gd) measurements shows that much
of the incident energy is re-emitted into the diffraction
order. This enhancement in the diffraction-order inten-
sity is mediated by SPW interactions.

Finally, the diffraction-order measurements are shown
a for gratings with residual SPW coupling effects (Fig. 10a)

and without SPW effects (Fig. lob), corresponding to the
0-order scans of Fig. & For the shallower grating, there
is a decrease in intensity, and two broad minima, at 18.2
and 24 °, are observed, with the minimum at 18 corre-
sponding to the maximum in the 0 order (Fig. 6a) and the
minimum at 240 corresponding to neither the minimum
nor the maximum in the 0 order (Fig. 10a). For the deep.
est grating measured, there are no residual SPW effects
but rather a substantial decrease in the diffraction-order
intensity for all angles.

5. ENERGY-SUM MEASUREMENTS

For these measurements, only the 0 and -1 orders are
propagating within the angular range of SPW inter-
actions. Thus we can evaluate the total energy coupled to

h- 55 u 2u- 24 nI
2U2 - 3 amn

ddiffractS. orde I t0cj b . w __ / °

0

66 h~rm 2u2 =430nm

For~ ~ ~ ~ ~ ~ ~~~~utco deepe grtns1orepnigtote0ode0cn .o b f ftej adoXoI
z
0

Fig. 7. Crossection SElW pWgraphs of the gtins used for - 4 77 am 36 nm
the measurements in Fig. & C) onr or 110

either the minima or the maxima of the line shapes first rti ot-
decreases (Figs. ca-) and then epes (Fig. cdt ).

For deeper gratings, corresponding to the 0-order scan
of Figs. 4a-4d, the diffraction-order scans are shown - -
in Figs. 9a-9d, where, as abome Figs. _e9 r h euth 5I 2ui- l0 am

of theoretical modeling that will be discussed in Sec. 22 0n
tion 8. The following features can he noted from these
mesurements:

(1)There ian increase in thead an r sepration of the d t
tmimawithincreasinggratingdepth,incontrst 10'1 io 25 30 10 25 20 25 30() with the behavior in the 0-order measurements, where th INCIDENT ANGLE (deg)
minma move toward each other and merge,

(2) There is a decrease in the angular separation of the Fig. 8. - i-diffraction-order scene for the gratings used in
Fig. 3. The left-hand colutn presents experimental results; the

two maximta (Figs. ga-9c) and an emergence of a single r~h ban mum prsnts theoretical modeling. See the ted
maximum (Fig. S9) for details.
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h- 95 am 2uj- 70 n er o obser-ved in the 0-order reflectances. Also, the
2u- 14 n diffraction-order line shapes were similar to the 0-order

line shapes at SPW resonance angles. Not unexpectedly,
the higher-order Fourie components of the grating pro-

h~~ll~h= 2O~n __

2u2= 20 nr

o b f_ _ _

z z
o _ _ _ __ _ _ 0

U- =i 2112= 13011M d= 870 nm

fl:~ -h= 380 nm

C Ig nn

h= 150 ni 2u1= 180 nL2u2= 0na10 15 20 25 30
INCIDENT ANGLE (deg)I Fig. 10. -1-diffraction-order scans for the grating. used in

dr b Fig.
10 15 20 25 30 10 16 20 25 30

Fig. a -1-diffraction-order scans for the gratings in Fig. 4.The left-hand column preents experimental results; the right-hand column presents theoretical modeling. See the text for
details._

SPW's by adding the energies in these orders. Fig-.s b 5n o 9nIurea hla-ld show these energy sums for the measure- Cments of Fig. 3 (0 order) and Fig. 8 (-1 diffraction order). *

The measurements for the deeper gratings (Figs. 4 and 9)

are given in Figs le-ilk. Note that

(1) The coupling efficiencies are reduced in comparison b h
with the 0 order, since some of the incident energy is alsob h-6 m t-10n

coupled into the diffraction order,
(2) The coupling of energy to SPWs in the -2 ordri

manifested by the resonance line shape, in cmaio
with the less-well-defined line shape of Figs. 3a-3d,0

(3) There is a gradual incrase in coupling efficiency
and a broadening of the first-order resonance line shape
followed by a decreasing efficiency at still deeper gratings, lc 6-7 m I hr12m

(4) There is a decreasing angular separation (Figs. Ula- Z _____

it) followed by an increasing separation for deeperIrtns
Both the - 1-order measurements and the energy-sum
measurements show a well-defined momentum gap; i.e.,
they show two resonances as a function of G at fixed. &-8 i
that first approach each other and then diverge as the 4m 1 - 5 i

grtn*et sicesd 10 16 30 85 3o 10 is = as 30
The experiments exhibited srndeneceon the INCIDENT ANGIE (deg)

details of the grating profiles. For some cases, with ap- Fig. 11 Znergy m (0-order reflectance phi -1-diffraction-
proximately sinusoidal profiles, saddle-point line shapes order) scams for the gratings used in Pig. 3.4,6 S. ad 1k
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d= 870 rnm X= 586 n (4)Asinthepr m eaurm entah-1-diffraction.
95 m order 25ginuements show comparal mirr-image cou.S9pli5A for the two SPW reonancee, while the -2-.d

cupling is bar*l observable in the 0-order reflection

a________ * ~A further ease in wavelength brings the two cou-
l ~~~~A $0 c .) tl ,loer, and soMmits'fa'ewe eet are ob.

-% _ ____ __ ____ ___ served as shown in Pig. 13. The major features are the

X= 593 nrnaloirr
(1) The monotonic shift to smaller angular values in the

O-order reflectance scans corresponding to the is - +1
coupling athe wavelength is changed (Figs 13a-13d)

>4 bf(2) The appearance of a sharp feature at 23.r" in the

-l-diffraction-order measurements (Figs. 13e-13f),
F-= 607ch nrn Ficg 1 t e roimatel to the hizon or theA llY ___ (ane ofthe -2 diffnh order,

__ X=_600 ___ (3) The apearance of aW t dicontinuity in the -

iN(4) The decrease in the a(du)ar seation between the

0- ordr (5) The sharp i-nrease in the diffr 60tion-order intensity
incted two cflinm cross each oher.

i longer wavelength,, beyond the (+ 1, - 2) minigap region.

The mre featur m incleth

d h ~ ~(1) The aperac of n =-2 coupling in the O-order
I~~su (Fgs 14 a-1o o 4

ftPi. 12. 0-order reflectance &Wd -1-diffraction-or scans
for the 9Snm-de p grating (Ps 41a, *a and Us) as the Wa 6 h= 95 nm
jenb i nused ft= 58 to 607 am The Whanld coum

let the O-order mearturents; the rW*h-band cohumn pme
-1-diffrction-order emens

film substantially affect the first. and second-order cou.
pling strengths and line shapes-

6 VARIABLE-WAVELENGNH 
A 1

MEASUREMENTS
For the 96-nm-deep grating (Figs. 4a, ft, and 11e a series
of O-order reflectance and -1-diffraction-order measure-
ments was carried out a a function of wavelength. The
output from a dye laser was tuned through the 580-

& 13nm rangem suficient to pobe the (+1-2) minig: A= 614 nm

Fure 12 show the 0-order reflectance igs I2-1d) z
length is increased from 586 to 607 am; the vertical scale E--4 and -1dfrcinodr(9m 2-2)sasa ae _
for the diffraction-order measurements is ten times mor
sniietathcoesodnsclfoth0-remeasurements. Note the following essential features: 617ri

(1) The angular separation decreases between th n 1 r
41 and n - - 2couplings with the angular shifts in the
Second order being almost twice these in the first order, v

(2) A well-defined resonance Is absent in the 0-order
S correspdingtotn- -2 coupling, and thebroad
SPW resonance corresponding to the a - +1 coupling 10 16 30 ft 30 10 15 SO IS 30
moves toward smaller angular values (Pigs. It-12d INCIDENT ANGLE (deg)

(3) The intensity In the -1 diffrectio order is pdualbr 1). Sam u ft. 12 but for an " in weg frm
reduced in the angular region between the two coupHng 610 to 617 am



d= 80 nmA= 69 nmIn addition, differential formalism developed by Nevibre
d= 870 nm d= 619" anm Nuaa hav als benusdto_

hdis95rsion relations. ADl these mthods are rigorous, hold
for arbitrary grating profies, and require extensive com-

________putation.

& (i) C (.2)-3)Simpler, approximate formulations have been intro-

thnigxpireion isebriemfmlsrbd More delre eo-

ray tMeypolaerie ightd incuiie onhasinual urfahe

ineato wit xa. miiu ( f comput (~latioal dffcu

-4. bam af Fere, 12e butnio oor ani simple inrmuaaeiento fthe

619 to 638 nm werealrate r eied in Appendix A.
() The appearancee ofgh anidn shar fetr atuoia surfFg.14)SPaUeN N H

coresonin to similaro fetue in, Fis staihtoradutinole

regebron betweenr reslt couplcopdingsdifeen
tia eutosecn re

(-) Th reesl ftereoaceln1hae n h tI~ difratio-ode mesrmns eviden from a ompari-0
sonX o33 Figs (3)2 ad1e14.%

Fig and doaotexi as meuga(Fig.12btfrakices i wav le arom
clerl deie forbdde momntu vaaple ise observed forpenixA

t~hme diffrancode sasfatr t 2 (Fig. 1 4be) The magnitude INTH
correspisg to siiad iers in ood .qualitativ (agreementI-APRE IO
with The momreasntumga oserd betwean ath nl'

(4. TheOR inres infrcto orderato-orinestyi h

A5 varie sa of theia frlsae ee apsied te oil'31 U
dsibepclitraction-remasurem erdiraeInts, INvIDeNT fNGLE a(dega

Thaltos werigst ~ nte first proose byecot nd Cail4c
orers ancmdegraetiAnumfee ofntal frula Fg.1 in ~ E-4 ta t0-ordc6 b~SIrflectance gs 21tin enhavembent inetthe dincuinfren'uctionmr int0orerreletity (a)r abv a 570edoiat ~ae

tforalsm bse onan 0 ertction sineoem mianmm cmngun bra ILDiInl.aligpugoa
deeld by Glat exhbi alLast lanUtam mmomentum gap (Fig.oain t5a) thie a+,-)mngprlm
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d= 854 nm 2u,= 60 nm D(P) + Zn "I -AIN)
m h-54 nm 2u 2 =0 nm I i

* where A, B, C, D, E, F, 0,1, and L are defined in
Appendix A.

- a C Equations (6) and (7) reduce to Eqs. (3) and (4) for us =
z. 0. The terms in these equations are of the general formC4__ J.J..; in the nu erics calculations terms are retained up
E-I diteu ..s orer10 to s + s' = 3; ie., J0J,,Js JI, do Js, J0, J, JIz, and JJ2.

-1r"o order I Is~l/di e 8. COMPARISON BETWEEN THEORY

AND EXPERIMENT
In a previous analysis of first-order coupling to SFW's it
was shown that the best fit to the experimental results was

obtained for a Ag-fdm dielectric constant of (-13&&% 0.82)
b (Ref. 5); this value was used without further akusctment.

In Fig. 16 experimental and theoretical reflectance scans
10 15 2O 25 30 10 15 20 25 30 versuangeamreshownforan8&54-nm-periodgratingwith

INCIDENT ANGLE (deg) a nearly sinusoidal prorile. The theoretical calculations
were carried out with the use of Eqs. (6) and (7). Note

Fig. 16. Comparison between theory and experiment for a that the calculated +1-order coupling resonance line shape
grating with a nearly sinusoidal prore. The let -ihand ssuanc
presents experimental results; the right-hand column presents in the -1-diffraction-order scan (Fig. 16b) is similar to
theoretical modeling. the 0-odr line shape (Fig. 16a) and that the two reso-

nances are comparable, although only a man enhance-

In the derivation of Eqs. (3) and (4) no small-signal ment rather than a coupling dip at the -2-order resonance
approximation is made for either the grating depth or Is observed in the 0-order scan. The theoretical line
the diffraction-order amplitudes. From the dispersion- shapes (Figs. 16c and 16d) closely follow the experimental
relation curve in Fig. 1, for the present can the only reso- line shapes, although the observed resonance widths are
nant terms in the above expansions [Eqs. (3) and (4)] are slightly larger than those predicted.
n- +1 and n = -2. The n = -1 term is the permitted For grating profiles deviating from a sinusoidal shape,
diffraction order and is strongly influenced by SW inter- ul and us were adjusted to produce line shapes closest to

actions. The infinite series was truncated at n = 0, - I, those experimentally observed. In Fig. 17 the experimen-
1, -2, which resulted in an 8 x 8 matrix and considerable
simplification. Previous analyses included many more d= 765 nm
terms and provided significantly greater accuracy. Since h= 24 nm
the experimental profiles were not precisely sinusoidal,
additional Fourier components were included in the grat-
ing profile. It was shown by Van den Berg and Fokkema
that the Rayleigh hypothesis would still be valid if a pro-
file could be described by a finite Fourier series. The 2- 19 a
mathematical analysis, however, becomes progressively
more complex as the number of higher-order Fourier com- a c 2u2 =4n
ponents is increased. For the present purpose the surface . ..
prode is redefined to include only one additional Fourier -cc_-- -_._

Z - U1 sin(gy) + Us sin(2gy). (5) / -_u

n general, us is much smaller than na. For this profile
we obtain

J(ku )Jo(jus) + (1-A-_.(a.u JJoasusB: bd

- ZB4-. .u)jd l.u,) 5 15 25 35 45 5 15 25 35 45
0 [- INCIDENT ANGLE (deg)

+ i8). ,)j -0 (6) Fig. 17. Couvlson betwesn theory and ezpnm'-t for a po -
afle slowing a devietio frm a im l -pa Tlkb

hand column presents experimental results; the right-hand
I!d no n prenu the o del .
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tal and calculated plots for a grating with a 765-nm period (1) An energy enhancement for the calculated line shapesare shown. This grating deviated from a sinmiodal peo- in the region between sPW resonances (Figs. ge-gh,
file and showed appreciable coupling um the second order (2) The appearance of shallow minima (Figs go-gh},

I (Fig. 17a In the -1 diffraction order sharp spikes in in. (3) The appearance of an asymmetric line shape in
tensity at SPW resonance minima are observed (Fig. 17b) Fig. 9g,

The calculated 0-order plot (Fig. 17c) in similar to the ex- (4) The sharp decrease in signal from -10" to 15" in

perimental plot (Fig. 17a). The calculated -1-diffraction. Fig. 9h.
order plot (Fig. 17d), although showing intensity spikes at
both SPW resonances, fails to display the experimentally Thus the comparison of theory and experimental results
observed dispersionlike minima, shows unequal intensi- indicates that, although the theory manages to show major
ties at the SPW resonances, and does not replicate the ob- features of our data, many finer details are not observed.
served diffraction efficiency enhancement in the region A more detailed theoretical investigation, including both
between the SPW resonances. higher Fourier coefficients and a more rigorous formal-

Thus this simple model includes many of the major ism, is necessary to provide a detailed fit between theory
features observed, but for a complete description higher and experiment.
Fourier coefficients must be included, as we can see
in comparing the experimental and theoretical plots in
Figs. 3a-3d and 3e-3h above. Note the following features: 9. SUMMARY
(1) The resonance line shapes in the second order are A systematic experimental study of interactions between
(1)fhere onp.ac lin shaes iSPW couplings in the (+1, -2) minigap regions is reported.different (Figs. 3a-3c aind 3e3) The experiment covers the entire range of SPW inter-

(2) The observed grating depths are much larger than The ex ning co uplent rnge oping
those predicted (Fig. Sa-3c and 3e-3g), actions. ranging from weak-coupling to stronger-coupling

thoshe redic ated (Fgs. ar shs an m h seffects and to deeper profiles showing absorption rather
(3) The caloclated angular shifts are much smaller tha than SPW effects. The simple theoretical model, al-

thoseobseve<Lthough missing many of the finer details, shows the major

The large difference in grating depths and the second- features of our experimental data. One can develop a
order line shapes is due to the omission of higher Fourier better model by including several Fourier coefficients in
coefficients in the grating profile that result in cancela- the grating profie.
tion effects in second-order coupling. Specifically, the Several extensions of this work are immediately appar-
model at present does not include a third-order coeffi- ent. For larger grating periods there are more diffrac-
cient. Yet, as we discussed above, it is just this Fourier tion orders, and it would be interesting to see how energy
component of the grating that resonantly couples the is distributed in these orders at SPW resonance angles.
counterpropagating SPW modes. For deeper gratings Also, the appearance of momentum gape in the 0 order
the comparison between observed (Figs. 4a-4d) and pre- depends on the strength of interactions.
dicted (Figs. 4e-4h) reflectance scans show the following As we noted above, there has been much discussion of
features: the physical significance of momentum and energy gaps in

(1) There is an evolution to a broad minimum (Figs. 4e- the minigap regions. As this study, as well as others, 4

4h), demonstrated, the response surface is quite complex in the
(2) The calculated and observed depths are similar vicinity of a minigap, and a complete analysis of the ex-

(Fi2Ts. 4a-4c and 4e-4g), perimental situation is necessary. Most theoretical treat-
(3) The calculated angular shifts are smaller than those ments of SPW effects on gratings can be cast as a linear

observed algebraic problem of the general form ME = 8, where the
(4) The calculated energy coupled to the diffraction vector Z represents the response fields, M is the medium

order is much higher than that observed. response matrix, and 8 is the source of excitation vector.Formally, this is solved as R - M-8, where each term in

Note that the calculated plot in Fig. 4h is for a sinusoidal the inverse matrix is proportional to (det M)"-. In many
profile, while the actual profile shows considerable devia- situations knowledge of this determinant, and hence
tion from a sinumsoidal shape (Fig. 5d). These compari- of the dispersion relation, is sufficient for an understand-
sons emphasize the importance of knowledge of the exact ing of the main features of the response. For example, for
profile for calculation of its reflectance behavior, the case of a single SPW resonance, the experimental dis-

The comparison of calculated (Figs. Sa-Sd) and oh- persion relation obtained from the resonance angles and
served (Figs. e-Sh) diffraction-order line shapes shows the linewidths of the 0-order coupling dips are in reason-
the following features: able agreement with that calculated from the determinant
(1) There is a lack of energly enhancement in the region of M; higher-order terms can be added to evaluate the ef-

between intensity spikes (Figs. ee-mh), fect of deeper gratings. In the minigap region this pro-
(2) The nnsity spikes in intensity are slightly asymc. edure clearly is not appropriate; for example, neither of

metric (sies. 8i-e, the extrema observed in the first-order coupling coincides
metri (Fis. Se8g),with the 0-order coupling resonance angles. In this situ-

(3) The calculated energy in the diffraction order is wth te is opsieso exrale Inis sit
higher than that &hserved. ation it is not possible simply to extract a dispersion

relation from the experimentally observed line shapes. A
For deeper gratings a similar comparison of observed ful treatment of the system response is necessary for in-

(Figs. 9a-9d) and calculated (Figs. 9e-9h) diffraction- terpretation of the measurements in terms of modes and
order line shapes shows the following features: dispersion relations.
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APPENDIX A F(p n) - B. (. - (p - n)S(k,/P,)]

For a TM-polarized plane wave incident on a sinusoidal x J-.(P.u)J@(P.uj) - gi.nuBlo 0 interface we can define a (magnetic) B field below and x (J,-.-2(j.u) + J-..$(P.U)]JgJp.U3),
above the grating by using the Raei pothesis:

G(AS) - [k. - (p - 2s)g(lk/k.)]J,_sh(k.uj)J.(kuj]

Btz) - exp[i(ky + A.z)] + Y B: exp[i(K.y - a.z). + (-)Ik. - (p + 2s)g(k,/k.)]J,,.g(k.uj)
z <0, x J(ku) - g9,uJ,-,.-,(h,u 1 )

<0, -- 3k )

i + (-1YJ,, ._skatsi)IJ.(ktu,) - gk,u,
B (y, z) - B 0 exp[i(K.y + P.z), 5 > O , x J -,. z(kul) + (-1> ,0,, (ku )]J (,us),

where k - ks sin e, k, = ke coao, ke, k , +ng I(p,fn,s) -(-)Y-"B:a. - (p - n - 2s)g(k,/a.)]

(n - 0,±1,±2), g - 21r/d (d is the grating period), and x J,..(a.ux)J,(a.us) + (-IYB:

a. = i(k.2 - ko')L', P. = i(k. - eke')L*. x [a. - (p - n + 2s)g(k./a.)]

For a sinusoidal surface the profde is given by x J,-. -u ,-s(a.u a) -- . ,.:

X [J--.aU~)+
f(y) = u sin(gy), x J(au) - gk.uB:[J,,_-_..2(a.u)

so that, by applying the generating function for Bessel + (+1J-....4 (a.u)]J.(a.u.),
functions, we obtain L(p,n,s) = B.' 3 . - (p - a - 2s)g(k./P.)]

exp(iyf(y)] = exp[iyu sin(gy)] - iexp(ipgy)J,(yu). X J,._..(P.U)J(P.u,) + (-IrB'
x (P. - (p - n + 2s)g(k,/P)]

By applying the boundary conditions x J,_.I ,(.u)J.(P.u2) - gk.uB.

B*(y,z) B'(yz)l,.-A, x [J,-.-..-*(P.ui) + (-1)TJ,.., .- : (.u)]
X J.(P.u2) - gkausBmfJ,_._,..2(.u,)
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CHARACTERIZATION OF THIN Al FILMS USING

GRATING COUPLING TO SURFACE PLASMA WAVES
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Center for High Technology Materials, University of New Mexico

Albuquerque, NM 87131

ABSTRACT

A detailed characterization of the optical. microstructural and electrical properties of thin (5-50 nm) Al

films grown by thermal evaporation, magnetron sputtering, and ion-assisted sputtering (lAS), is reported.

Dielectric-function measurements were carried out by using grating coupling to surface plasma waves (SPW) and,

J for comparison, ellipsometric measurements were also performed. Scanning electron microscope (S EM) studies

of film microstructure as well as dc electrical resistivity measurements were carried out and correlated with the

optical data. Using the Bruggeman effective media approximation, good agreement was obtained for thicker films

(30-50 inm), but for not for thinner films (< 30 nm). SEM and resistivity measurements suggest that conditions of

film growth influence the behavior of individual grains, resulting in increased electron remflectance at the grain

boundaries with increasing energy delivered to the substrate during deposition. This resulted in lower electrical

gesistvities for evaporated films than for 1AS rlms. Finally. the influence of 5-20 A A1203 on thick Al films was

invesugaed, both SPW and resistivity measurements suggest that the oxide film was not confined to film surfae,

but had penetrated inside the film leading to much higher electrical isistiviues than would be otherwise expected.

otw'?
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1. INTRODUCTION

Optical characterization of metal films is important for process control in the semiconductor industry.

The standard ellipsometric and reflectometric techniques ( 1-41 possess the requisite sensitivity but require

complex instrumentation and computations, in addition, a very careful and model dependent interpretation of the

data is necessary for determining the optical parameters. A waveguide approach, using prism coupling to either

dielectric waveguide modes (5] or to a surface-plasma-wave confined to a metal-dielectric interface 16-4] has also

been used. The optical excitation of surface plasma waves (SPWs) has been carried out in both Kretschmann-

Raether geometry (9] or in Otto geometry 110]. In the Kretschmann-Raether geometry, SPW excitation occurs by

tunneling thru a thin metal film, which places severe constraints on the film thickness and dielectric constants,

limiting its effectiveness mostly to Ag and Au films, and, of course, on the transparent substrate material which is

typically a glass prism. In the Otto geometry the prism is placed in close proximity of the top surface of the film.

The tunnel brie between the metal film and the prism has to be very thin (< 500 am) requiring significant

pressure between the prism and the substrate. Both of these techniques are sensitive to film properties, and the

theoretical formalism is provided by Fresnel theory.

Grating-coupling based characterization, in contrast. is free of all the above mentioned constraints. The

theoretical formalism to describe the coupling process is. however, complex and requires detailed computational

algorithmstj 1-12). Recently, we have presented a detailed analysis of grating coupling to SPWs for a wide range

of grating depths and profiles [ 13.14]. TIh theoretical analysis, based on the Rayleigh expansion, was very simple

and provided good agreement with the experimental data. Here. we apply this analysis to measurement of meal

film optical properties. Al films because of their importance in integrated circuit technology were used Thee

films were deposited by three different deposition techniques; thermal evaporation, magnetron sputtering, and

ion-assisted magnetron sputtering. In addition, ellipsometric, resistivity, and SEM measurements were also carried

out on these films to compare with the SPW data. In all cases, excellent agreement with SPW measurements was

obtained.
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. EXPERIMENTAL ARRANGEMENT

An Al target was used which was 99.99 % pure. Room temperature depositions were carried out in a 45.

cm diameter, cryogenically pumped bell jar vacuum system ( 15). For thermal evaporation, a tungsten boat was

used. Sputtered films were deposited at 0.5 mTot Ar pressure using a planar magnetron source. For ion-assisted

deposition. a beam of argon ions from a Kaufman ion source was directed at the substrate surface during

magnetron sputtering. The beam voltage was maintained at 440 eV, and ion flux at the film surface was

approximately 25 pAmp/cm2 .In all cases, depositions were carried out at a rate - 2 A/s. starting vacuum was in

fte low I0 "7 Toff range, and the film thickness was determined by a crystal monitor. The ellipsometric

measurements were performed on films deposited on Si-wafers. For SPW measurements, the films were deposited

on holographically defined submicrometer gratings on Si [ 16). The zero order reflectance (X=633 nm) from the

coated gratings was monitored as a function of incident angle, the excitation of surface plasma waves is

manifested by resonance like dip in the reflectance curve, and is described in detail elsewhere 113-14].

3. ELLIPSOMETRIC MEASUREMENTS

Ellipsometry involves measurement of the effect of reflection on the state of polarization of the reflected

light tiI. The state of polarization is characterized by the phase and the amplitude relationships between the two

eshogoraW polarizations of the electric field vector of the polarized fieKL The electric field orientation of one,

designated as TM, is in the plane of incidence, and of the other, designated as TE, is normal to the plane of

incidence. In general, reflection causes a change in the relative phases of the TM and TE waves, and a change in

the ratio of their amplitudes. The angle A is defined as the change in phase, and the angle If as the arctangent of

the factor by which the amplitude ratio changes. The angles a and V are measurd by the ellipsometer. Thee ame

a wide variety of commercial software packages which calculate the film dielectric constants and thickness, given

a, v . the light wavelength, and the substrate index. From our measurements, the dielectric constants we

alculated by using a computational package developed by Urbmn [17). Fig. I shows the measured variation of
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ad & as a function of film thickness, the values at zero thickness correspond to those of SL The qualitative

behavior of V is the same for the films deposited by all three techniques. The behavior of A, however, is similar

for sputtered and ion-assisted sputtered (IAS) films, but for evaporated films it remains approximately constanL

Using these A and I values, the dielectric constants of Table I were calculated. The real pan of the dielectric

constant shows much larger changes than the imaginary pan. Also, t real and imaginary dielectric constants for

evaporated and spuuered films were larger than for )AS films.

4. SPW MEASUREMENTS

In Figs. 2 and 3, we show a sequence of 0-order reflectance scans of sputtered Al films as thickness is

increased approximately from S to 50 nm on Si grating (d=477 nm, depth=16 nm). The dotted curves present the

results of the best fit to experimental lineshape, and will be discussed below. The main features of Fig. 2. whee

the lrdm thickness varies from about 5 to 20 nm can be characterized as follows:

1. the appearance ofra broad SPW resonance at film thickness of I I nm with intensity minimum at e = 18..08 and

a cusp at O = 18.90 due to the emergence of the -1-diffraction order (i.e., for angles greater than 18.90 there is an

allowed .I-diffraction order that can take energy from the reflected beam, for angles less than 18.90 this order is

evanewe.);

2. fte decrease in SPW resonance width from about 1.50 (Fig. 2b) to .90 (Fig. 2 d);

3. the increase in coupling efficiency from 0.1 (Fig. 2b) to 0.3 (Fig. 2d) and;

4. the slight shift in resonance angles (angles at which intensity minima occur) to larger angular values, i.e., a

decrease in angular separation between SPW resonance angle and the cusp angle (the cusp angle remains constant

determined by only by grating periodicity and the laser wavelength).

The behavior of the SPW resonance for thicker films (24-50 run) is shown in Figure 3, and can be briefly

summarized as follows:

I. the continuing decrease in SPW resonance width from 0.860 (Fig. 3a) to 0.570 (Fig. 3d);

2. he saturation of coupling efficiency at 0.32 (Figs. 3 c&d) from 0.34 (Fig. 3a) and;

3. she continuing small shifts in resonance angles to larger angular value&

.................



In Fig. 4. we have plotted coupling efficiency. resonance width. and the resonance angle shifts as S

function of film thickness for films deposited using all three deposition techniques. The salient features of these

meaurements are:

1. fte coupling efficiencies reach - 52 % for both evaporated and sputtered rams for film thickness in the range

30-40 nm. while for the IAS films, the corresponding efficiency was - 41 % for film thickness of above S0 amn;

2. the resonance widths for the evaporated and sputicred films are almost identical. while those for lAS films were

approximlately 15 % larger anid,

3. the absolute shifts in the resonance angles (i.e., the angular difference between SPW resonance and the cusp

angle) decreased from 0.780 to 0.740 for evaporated films, and from 0.8201to.760 for sputtered films, while (or

IAS films weak dependence with film thickness was observed.

in general. the evaporated and sputtered films were observed to have similar characteristics, while the

IAS films showed significantly different patterns. In contrast with the ellipsometric measurements where there

were two observable quantities. the SPW measurements provide thee observed quantities, the resonance width,

resonance angle. VWd the coupling efficiency. In addition the variations in optical properties for the different films

are more evident in these measurements than they were in the ellipsornetnic measurements

S. THEORETICAL MODELING

The grating coupling to SPWs has been treated by a large number of authors [11- 131. Most of thewe

theoretical formalisms ame very complex, and require extensive computational efforts. Here, we have used an

elegant and simple analysis for SPWs at a single grating interface with any arbitrary profile developed by Toigo

et a]. 118). We have extended this analysis to two interfaces to model optically thin films.T"he theoretical analysis

is based on the Rayleigh hypothesis and is briefly reviewed here.

For TM-polarized light incident at a grating surface at an angle 0, we can write the magretic field in the

three region (vacuum, metal film. and Si-substrate) as follows:
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bvac(y.z) a esp(i(kyy+kzz))+yR x~~.az)

B,,a (yz) - [An~ exp(iOky416))4B5cxp(i(kyp3z))J; 2.

Bsub (Y-z) aC. exp6(ky+Yf3 Z)3.

where

Ity= ksinB. ke kcosG. k w I c.

Ito= ky +ng n =0.±tl.± 2.....V

an2 = k2 -ko2. W = entk2 3. Y'= s 2- . 4.

and e.ne . vwb wre metal and substrate (Sf) die Iccric constants, MWd d is the gratiag period. For a grating prefile,

dergned by f(y). a straightforward application o( electromagnetic boundary conditions leads to the following set of

coupled linear differential Noutions (as explaned in the appendix):

-P- n X m~ft (-*nu) + AnXmnDni)4 + BXm.n(-Pnu) I = Xnk

S(AnXig-o03 u) Cxp(t Put) + BoXm.n(-Pou) Cxp(-t Pot') -CnXm-n(ynu) 0; 6

+9~ O* kkj X*4 (-Pn) I (wk2 -kmk, mkU

hMCt2-km~ t,.4cmjC 2 kk
[As( ** p Xm-n~iiu) exp(t Pot) +' Bn(- met 1 6 Xm~(u exp*- Put)

-Cm -O '.byh I Xm-n(mD) Ia
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wher Xp(p) is the Fourier trnsform of the grating profile defined by

W~p d f fexp(- pgy) exp(t P f(y)) dy. 9.

-42

He p (tm-n) is an integer and p is given by anU, Anu, or ynu. In Eqs. 5-8 both n and m go from -,c to +,o.

Computationally. however. the series is truncated at values for which inclusion of next higher order term does not

rsull in any change of the previously calculated value. The Fourier transform integral can be evaluated for any

given grating profile. In particular, for sinusoidal profiles eq. 9 gives the familiar Bessel function expansion, and

has been investigated in detail elsewhere 1131. Convergence for this particular profile is obtained for nam = 2. For

other nonanalytical profiles, i.e., square or rectangular, the Rayleigh assumption is usually not valid, however. it

was pointed out by fill et al. 119) that k hallow gratings (u/d - .07), this method can still be applied with

reliable results. In our numerical calculations, we have tested for consistent results for nm as large as 10 leading

to an 84 x 84 matrix inversion. For numerical calculations, the grating profile used for evaluating the integral Eq.

9 is shown in Fig. 5 (we appendix for more details). The actual SEM profile of Si grating ( depth =16 nm) used in

the experiments is shown in Fig. Sc. The real and imaginary parts of the dielectric constant of Al were allowed to

vary independently to obtain the best fit to the experimentally observed resonance lineshapes. The shift in the

resonance angle was strongly dependent on the real part of the dielectric constant, the width of the resonance was

a function of both the real and imaginary pans of the dielectric constant. Also a 5% variation in either the film

thickness or the grating depth did not result in a shift of the resonance angle.

6. COMPARISON OF ELLIPSOMETRIC AND SPW DATA

In Table 1, we have compared the dielecuric constants calculated by the two different techniques. For

film thickness below 10 num, the metal films did not show the characteristic SPW lineshape, thaedore i was am

po-W 10e calculate the corresponding dielectric constants. The comparison of the data shows that, in general, the

values calculated hom the two methods were within 6% of each other, although for some cases, especially for -
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10-nm thick films, the difference was much larger. For both cases, the variation of the dielectric constants &We

similar. The values calculated by SPW method wcre in general larger than the ellipsometric values for thinner (C

5 30 unm) and smaller for thicker films. The SPW results werc in good agreement with the literature 120-211. The

lineshape of the SPW resonance is influenced by grauing profile, by the substrate on which grating is defined as

5 well as by the presence of very thin A120 3 films on Al films, effects of ail of these variations are evaluated in the

3 following sections.

3 6a. INFLUENCE OF GRA' Nr PROFILES

3 In our wirk. the depth of the grating was chosen to keep the coupling strength well within the Rayleigh

criterion (i/d - .0'7). In Fig. 6. we have calculated SPW lineshapes for three different profiles assuming same

I period id=47 j rin), depth (h=16 nm). and dielectric constant (E--46.16), the difference in profile changes

3 coupling efficiencies, but there are no significant changes in the resonance angles and widths. In addition to the

grating profile, the substrate in which the grating is fabricated also plays an important part. In Fig. 7. we have

3 shown experimental and calculated SPW lineshapes for 50-nm thick Al films deposited on Si (h=16nm), SiO2

(b=17 rim), and photoresist (h=36 nm) gratings. The profiles of these gratings are shown in Fig. 8. The dielectric

Iconstants of the films on SiO2 and photoresist are characterized by (-40.1.14.6) and (-32.2, 12.8). It is seen that

dielectric constant of the film deposited on photoresist is signifiandy different from the values in Table I. This

suggests that the photoresist surface being significantly rougher than either SW2 or Si results in the growth of

3 poor quality film&

I6b. INFLUENCE OF OXIDE LAYERS

When a freshly deposited Al-film is exposed to the atmosphere at room temperature, a transpam,

amorphous oxide layer immediately forms on the metal surface. Hass reported that the oxide within a few hours

grows to a thickness of approximately 15-20 A , but further growth occurs slowly reaching a maximum f 45 A

art.r one month 1221. In order to investigate the influence of Al oxide film on the SPW resonance lineshapt of Al
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fils, we deposited very thin (5-20 A) films of AO 3 on an approximately 40-nm thick Al film. in Fig. 9. we

have shown the results of 5 and 20 A oxide on the SPW lincshape. The solid line represents bare Al film

(thickness = 40 om, Fig. 3c). 5 A oxide film significantly alters the SPW resonance characteristics increasing the

resonance width by 17%. resonance angle by 6%. and decreasing coupling efficiency by 11%. The corresponding

numbers for 20 A film were 31%. 25%, and 21'k. Assuming the dielectric constants of bulk Al [21] in literature (.

46.36, 16.69 ), our calculations showed that the resonance angle was .60 in comparison with the corresponding

values of .740 and .760 for evaporated and sputtered films (thickness = 50 nm). Assuming an oxide layer of 20 A

(n = 1.66) on bare Al substrate, our calculations showed that the resonance angle increased by .160. which is in

good agrecment with our data. However, deposition of 5-20 A A120 3 resulted in increases in resonance angles

I which were almost twice .320. Therefore. it appears that the oxide film is not limited to the surface, but also

penetrates in the A] film and changes its composite dielectric constanL This is reflected in the much higher

I resistivity of oxide coated films as will be shown later.

7. SEM MEASUREMENTSI
Grain boundaries, voids, and other inhomogeneities significantly affect the optical properties of thin films

1 [23-241. This is reflected in the large differences of the dielectric constants of the films (Table 1). In Fig. 10, we

have shown a series of scanning electron micrographs (SEMs) of the Al films as a function of thickness. The

increase in grain sizes is consistent with similar behavior for metal rIdms, such as silver [251. The grain sizes and

3 boundaries for evaporated films (Fig. 1Oa) are significantly larger than the films deposited by sputtering and iou-

assisted sputtering (Figs. lob & 1Oc). For evaporated films, the film discontinuities decrease rapidly with

I thickness, and also the film surface appears very smooth. The behavior of both sputtered and IAS films is

different; the grain size increase with film thickness is slow, and the film surface appears rough and discontinuous.

These resu indicate that the process of film growth by evaporation and sputtering is fundamentally different In

evaporated films, the grain boundaries are interconnected, the individual grains ar spntherically symmetric, and

the structure as a whole appears continuous. With sputtered and IAS films, however, the grain boundaries are not

inUsewonnected, the individual grains are approximately spherical, and the structure as a whole appears

I•
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3 discontinuous. The dielectric response (Table I) of these films provides us with a simple means of akulhng die

density of the films (31. Using the Bruggeman effective medium approximation [261, it is possible to define a

effective dielectric constant, c, for the film in terms of the bulk dielectric constant (Eme t = -46.36, 16.69) and die

volume fraction of voids in the film,

(2X- 1) + e£net(2-X) +TJ(2X- ) + emet(2-X)]2 + 8 met(! +X)2

l I =4(l+X) 
10.

where X is the ratio of void volume fraction to the metal volume fraction. Using this equation, and given the

measured dielectric constants in table 1, we calculated the void fractions of 0.01,0.06, and 0.17 for evaporated,

sputtered. and IAS films. For thinner films (< 20 nm) corresponding measured dielectric constants (Table 1) were

not in good agreement with calculated values from Eq. 10 for any value of X. A comparison of the structures of

sputtered and IAS films (Figs. 10b & 10c) shows that the film morphology is very similar for both films, and

therefore the large void fraction difference as predicted by Eq. 10 is misleading. This, coupled with increasing

disagreement for thinner films. suggests that the Bruggeman effective media approximation is not approprie to

describe the composite metal structure. As will be seen in the next section, the structural changes at the gain

boundaries play a major role in determining the dielectric properties.

. RESISTIVITY MEASUREMENTS

Resistance measurements provide information about the internal structure of the metal films 24). Using

standard four-point probe technique [27), the resistivity of all films for which optical measurements had bea

performed was determined. In Fig. 11, the resistivity is plotted as a function of film thickness. The solid and

dotted lines are the result of theoretical modeling and will be discussed below. From the data, the following

salient features are apparent:

I. for evaporated films, the resistivity ratios, i.e., film resistivitydbulk resistivity, where pb = 2.73)1 0-cm 1251

varied from 11.24 to 1.18 for film thickness increasing from approximately 7 to 100 nm.
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2. for spudend films, the resistivity ratios varied from 36 to 2.65 as film thickness increased from $ to 0 o.,

and;

3 3. for IAS films, the resistivity ratios varied from 13 to 3.96 as film thickness increased from 6 to 100 rum.

The resistivity of vacuum deposited thin metal films depends on the thickness, grain size, and the

I impurities present in the film. Various theories have been developed to account for the thickness variation of the

resistivity 129-341. In the Fuchs-Sondheimer (F-S) theory 1291. assuming free electron model the increase in the

resistivity of the film with decreasing film thickness is modeled by assuming that the electron scattering at the

film surfaces modifies the electron distribution resulting in an expression for the thickness dependence of the

resistivity. Mis theory, however, shows small thickness dependent contribution for films thicker than the mean

free path of the electrons. For films much thinner than the elecuon mean free path, Lovel and Appleyard (L-A)

also developed an expression for resistivity dependence of thickness 1301. We have not been able to fit our data

with either of these theories. In F-S theory, the high resistivity ratios obtained experimentally force the

calculations to pick abnormally high mean free paths reducing the applicability of the theory to either very low

temperature& or to very thick films at room temperatures. The L-A theory is not suitable for the range of film

thicknesses in our experinent. We therefore used a very simple empirical expression due to Planck [35] to fit our

resistivity data for the films. According to this expression, the film resistivity as r function of thickness is simply

given by

Pt = Pb (O +A) II

where pt is the thickness dependent resistivity, pb is the bulk resistivity, and t is the film thickness. The constant

A was later specified to be 4 1@ / x,. where 1. is the electron mean free path, by simply averaging over t

reduction of electron mean free path for film thickness less than the electron mean free path [361. For ilms

thicker ahm the mean free path, a smaller value of A - 3 It /8 is appropriate since some of the electrons am not

stopped by the idm su[fes 31). In Fig. la., we have plotted Eq.I I with A = 4 Il I x for mean free paths of 14

um (dotted line), as calculated from basic principles [37. 28) and 30 nm (solid line) as given by Mayadas, et aL
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t331. With IC a 14 am, the ft is beer for thicker films (40-60 nm), while for thinner filmse fit is better at lea

30 rm. The same calculation, however, does not predict the higher resisuvities found for sputtered and IAS films

3 (Table I). Therefore. in addition to thickness decpndence. there is also structure (grain size. boundaries, defects,

ex.) dependence of resistivity. According to Mathiessen's rule [361, the total resistivity of the metal film can then

Sbe expressed as the sum p a p,+p, where pg is the resistivity due to the scattering of electron by lattice defects,

rain size, and impurities, and p, is given by Eq. II. For films deposited by different techniques pt shows

approximately similar behavior. The grain-dcpendcnt resistivity. pg. varies according to the growth conditions of

3 th film. Mayadas and Shatzkes developed a model to predict qualitatively the effects of grain boundary

scattering 133). Their calculations showed that the measured resistivities increase significantly due to the

Iscattering from the grain boundaries. In this model, the grain boundaries are represented as partially reflecting

surfaces normal to the plane of the film, separated by an average distance D. The ratio between the grain and the

bulk resistivity is given by

"2 + 3 iL2*3g ln(3jlrl1)- 12.1

where c is defined by ( DIR) with R being the electron reflection coefficient at the reflecting planes

(corresponding to grain boundaries). From the SEM analysis, it is evident that the distance D. which has also been

identified as grain size, is similar for both sputtered and IAS films. Therefore, the increased contribution to

resistivity appears to come from increased reflectance at the grain boundaries. In Figur II b & I Ic, we have

plotted the sum p p = p +  p fr o R = .05 and .65. It is seen that a reasonably good agreement is obtained with 30

nm mean free path. The large value of R for [AS films suggests that the ion bombardment during sputtering results

in significant changes in the shape of the Fermi surface, and the potential barrier at the grain boundaries. Similar

behavior has been observed for Ag films by Parmigiani, et al. [7). Finally. in Fig. 12, we have plotted the

measured resistivities as a function of SPW resonance angle and width. The experimental data of Fig. 12

represents five films of approximately 40-nm thickness deposited by thermal evaporation, magnetron sputtering,

ion-gSed sputering, and sputtered films with 5 and 20 A A120 3 films. The solid line presents a first order

1 .~
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polynomial fit thn the data points. The increase in resonance angle corresponds to a similar increaM in film

resistivity providing an excellent non-invasive monitor for film characterization. Similar behavior is also observed

by plotting the SPW resonance width versus film resistivity as thickness is increased from 10-60 nm for thermally

evaporated films(Fig. 12b). This shows that the widcr the resonance, the larger is the film resistivity. Both of these

parameters (Res. angle and width) are related to the film dielectric constants. which are related to the resistivity.

For metals with imaginary part of the dielectric constant much smaller than the real part (Au. Ag. etc.) simple

analytical relationships exist between resonance parameters and the dielectric constants. In case of Al. ho--aever. it

is not possible to determine a simple analytical relationship. Our calculations and the experimental data (Figs. 12a

& 12b). however, suggest a linear response of resistivity with increase in resonance angle and width.I
9. CONCLUSIONS

A detailed investigation of the optical. structural, and electrical properties of Al films in the 5-60 am

thickness range has been carried out. The measurement of metal film optical properties using grating excitation of

SPWs is shown to provide simple, readily interpretable results. The influence of different substrates and profiks

has been investigated. A comparison of the film structure of evaporated, sputtered. and IAS films by S13M

analysis, and optical measurements suggests that a description of effective medium dielectric constant in terms of

the presence of voids is inappropriate. A comparison of the electrical resistivities shows that the scattering from

the grain boundaries substantially increases the resistivities of the films grown by ion-bombardment . It has been

shown by Zieman et W. (381 that for the films grown under ion-bombardment, two distinct regimes exi: oue

regime when resistivity increases and grain size decreases with increasing energy delivered to the substate

during deposition process, and the second regime., which occurs at higher deposition rates where the reverse

behavior is observed. The experimental data presented here show that these films correspond to thE de frst

regime where energy delivered to the substrate increases from evaporated to IAS films along with an increase i.

resistivity, although our SEM measurements did no show a significant change in the grain sizes of IAS films. I is

suggested that the increased resistivity of the sputtered and lAS films is due to an increase in grain boundary

reflectamce.
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APPENDIX

The boundary conditions at the two interfaces. metal-air and metal-substrate, are given by

Bye- Bmet :0. .

Baet - Bsub =0 2.

(()Bvac Bme = . 3

n (BmetBsub) 4.

I
wher

J On applying these boundary conditions at z -t+uf(y) and z = uf(y). where u is the grating amplitude and f(y)

defines ft grating profile, and taking the Fourier transform of the resulting set of equations. one arrives at the set

of equations (5-8) given in the text. The Fourier transform integral (IEq. 9) for the grating profile (Fig. 5) can be

solved analytically by assuming that in the region ±bid/2 to _±b2d/2, the grating profile can be described by the

+4u/d b+b 2straight tine equation y-mtnz. with id c - ac T- whr
ih -, b.b2  d b- "where bI and b2 were determined from SEM

measurements (Fig. 7c) to .A06 and .367 respectively. The integral in Eq. 9 can therefore be evaluated for p0 as

r1exp(pr
X0 (p)= exp(-p) (1-bj) + exp(p) b2 + 2P (exp(-2prj- exp(-2pr)). 6.

MW for p 0,



is

*"6e!3L(ex*l(r *-txp)b,I.CxpI#(- .txp)bji)

!( _ t2xp) 2

ep '-(ex 143+t.ebl- xi t pb 7.

b1-b2  bl+b2  b2  b,
wtfI 2= -rr3= .4=-.andpis dfnd ithe IXL Fora square poie, Eqs.. 6and 7Wl 12 * ~u r r1

assumne much simpler forms.

X0 (p) =cosh(p).

and

XP (p) 2%sifh(p) sif 9.
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TABLE I Dielectric constAnts and dc resisuvities of At as a function of rilm

thickness for evaporaled. sputtered. and IAS films.



ABL IL oprICAL PARAMETERS AND dc RESISTiVITIES

S A FUNCTION OF FILM TIUCKNESS

Ellip. SPW Resistivity

Film Measurements MeasureTnett$ (10-6 (I-cm)
Iickn s ct, i)

(nm)

30.7

(.33.1, 15.3) ............ 30.

7.5(-28.8, 17.9) (-36, 20) .

10. (-42.1, 16.1) (-42.6, 14.9) 7.9

29. (-44.8, 16.3) (-40.1, 14.2) 5.6

29. (-45.1, 16.5) (-40. 14.8) 4.2

40. (44.3, 16.6) 1-41.4,15) 4.1
52.

(-13.1, 13.4) ----------- 98.8

5.2 (-29.2, 15.2) (-33.. 22.) 18.8

15. (-36.4, 15.4) (-39.5, 16.5) 15.3

15. (.34.8, 14.) (-36.5, 14.) 16.1

20. (-40.6, 14.2) (-37.7,14.8) 8.9

30. (-41.1, 15.4) (.40.1,14.6) 7.5

40. (-40.8, 15.) (-40.3.14.7) 7.2
50.

6.1 (.21.7, 17.4) ............. 36.5

13. (-28.2, 15.7) (-3.2, 1.8) .4

21. (.30.2, 11. (33., 13.8)21.4

31. (.28.3, 12.2) (-30., 13.5) 2.7

42. (-33.3, 12.8) (-33,13) 14.6

42. (.29.2,11.4) (34.1, 12.8) 17.4

55.(32.8,12.7) (-31.3, 12.5) 9.6"73. .z,.5
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GURE CAPriONS

Fig. I. Experimental variation of ellipsometric parameters A and 14 with film thickness for Al films deposited by

thwee different techniques.

Fig. 2 Variation of SPW lineshape for Al film ,hick.,Wss from 5 to 20 nmn.

Fig. 3 Variation of SPW lineshape for Al film thickness from 24 to 50 nm.

Fig. 4 Experimental variation of SPW parameters, coup. eff.. res. width, and res. angle shift, with film thickness

for films deposited by three different techniques.

Fig. 5 Profile of the Si grating used for numerical calculations.

Fig. 6 Variation of the SPW lineshape for sinusoidal, square, and Fig. 5. grating profiles

Fig. 7 Variation of SPW lineshape for sputtcred Al film (thickness = 50 nm) deposited on three different

substrate&

Fig. S SEM profiles of three gratings (Si, Photoresist, and SiO2) used for SPW characterization.

Fig. 9 Influence of thin oxide films on SPW lineshape of approximately 40 nm sputtered Al films.

Fig. to SEM measurements of Al films deposited by three techniques, a. thermal evaporation, b. magnetic

sputiering, and c. ion-assisted magnetic sputterig.

ig. I I Variation of Al film resistivity with thickness and grain boundary reflection for films

deposited by three different techniques assuming two different values of electron mean free path.

Fig. 12 Variation of Al film resistivity with SPW resonance angle for constant film thickness (a), and (b)

resistivity variation with SPW resonance width for film thickness from 10 io 60 am.
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Low Series Resistance High-Efficiency GaAs/
AlGaAs Vertical-Cavity Surface-Emitting

Laser(, with Continuously Graded
Mirrors Grown By MOCVD

P. Zhou, Julian Cheng, C. F. Schaus, S. Z. Sun, K. Zheng, E. Armour, C. Hains,
Wei Hsin, D. R. Myers, and G. A. Vawter

Absuract-GAs/AIGaAs vertical-cavity top-surface-emittlng the current via proton implantation [31, or by the FSELD
lasers with a continuously graded mirror composition have been process [6 in which the current is injected laterally from
grown by MOCVD, and planar devices with proton-Implant large-area contacts. To reduce the series resistance arising
current confitement have been characterized. Continuous grad- from the energy-band discontinuities at the heterointefaces,
ing of the heterointerfaces In the Bragg refle ors eliminated nte
energy-band discontinuities, thus Improving carrier transport various grading techniques have been proposed for molecu-
and resulting In a substantial reduction In the series resistance lar-beam epitaxy (MBE), including the interposition of a
and threshold voltage of the laser diodes. These VCSEL's have supperlattice [7] or a piecewise-linear gradient with one or
excellent room-temperature CW electrical characteristics, Includ- more AlxGaI -,As layers of intermediate Al composition [7],
lg some of the lowest series resistance, highest power efficiency, [3] at each interface. These efforts have significantly reduced
and lowest operating voltages ever reported. the series resistance from the range of kiloohms to several

hundred ohms, but these values remain too high to achieve
good electrical-to-optical power conversion efficiency. It isTk7ERTICAL-CAVITY surface-emitting lasers (VCSEL's) also higl desirable to reduce the operating voltages of the

V are well suited for use in parallel, two-dimensional, ghly

optical switching [11, [2) and computing [21 architectures VCSEL to below 2.5 V to render them compatible with 5-V

because of their surface-normal format, high power [31, low silicon driver integrated circuits. The superlattice grading of

beam divergence [41, and good modal properties [51. TU the heterointerface by MBE is particularly difficult to imple-

room-temperature CW operation of top-surface-emitting VC- ment [71.

SEL's with high output power has been demonstrated [3]. On the other hand, the continuous grading of an arbitrary

although the series resistance and threshold voltage of these composition profile can be readily achieved by metalorganic

diodes remain high. A high series resistance increases the vapor-phase epitaxy (MOVPE or MOCVD). In this letter, we

operating voltage and electrical power dissipation, wanich report the properties of high-quality VCSEL's with continu-

may limit the output optical power, the temperature range for ously graded DBR heterointerfaces grown by low-pressure

CW operation, and the overall power efficiency. The MOCVD. Room-temperature CW operation of these VC-

representing the efficiency of converting electrical power into SEL's was achieved, demonstrating high output power (2

optical power, is particularly important in the design of mW), narrow spectral width (0.4 A), low threshold current

high-density parallel arrays, in which high power dissipation (2 mA) and voltage (2.5 V), high differential quantum effi-

exacerbates thermal management problems and lmits the ciency (up to 80%), low series resistance (22 0), and high

packing density of the array. The large series resistance power efficiency (4.5%). We believe that the electrical char-

arises from a combination of contact resistance, spreading acteristics are comparable to the best values reported to date

resistance, and the impedance to carrier transport arising [3), [10, e11].

from the energy barriers at the heterointerfaces of the dis- Die VCSEL epilayer structure (Fig. 1) consists of an

tributed Bragg reflectors (DBR mirrors). These factors also undoped active region bounded by the p-doped and n-doped

contribute to increased operating voltages. Contact resistance DBR mirror stacks, all of which were grown on a buffered

has been reduced by increasing the contact area and confining (100) n-GaAs substrate. The upper p-doped DBR mirror
-contains 24 pairs of quarter-wave AIXGa .XAs and AlAs

layers. The Al content of the Al Ga ,As is 15%, except at
Manuscript received April 12, 1991; revised May 1. 1991. This wort was the heterointerfaces, where it is linearly graded from 15 to

mppored in pan by the Air Force Office of Scientific Research. dhe National 100% over a distance of 120 A. The lower n-doped DBR
Science Foundation, and the Defense Advanced Research Projects Agency.

P. Zhou, J. Cheng, C. F. Schaus, S. Z. Son, K. 2aeng, E. Armour C. mirror contains 43.5 pairs of quarter-wave AIGai_-As and
Haim., and W. -sin sam with the University of New Mexico. Cener for AlAs layers with similarly graded Al composition as in the
High Technolo Materisa. Albu NMer e. t p-mirror. The active layer contains a symmetrical, graded-in-

D. R. Myers and 0. A. Vawter am with the Sandia National Labomtories. , sprt-ofnmn eeotcue(RN )wt
Aluqxqe, NM 8717S. dex, separate-confinement heterostutur (GRINSCH) with

IEEE Log Number 9101310. four so-A quantum wells separated by 20-A spacers. The

1041-1135/91/0700-0591501.oo 01991 IEEE
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I tota thickness of the GRINSCH-MQW structure corresponds
to a single wavelength of the cavity mode, which is designed x
to lse at 846 nm. Room-temperature pulsed operation of
VCSEL's with a GRINSCH active layer at room temperature
has been reported previously 181.

The MOCVD growth was carried out at 725"C and 100
toff in a conventional horizontal reactor. The reactor detailsH and general approach to the growth of VCSEL's have been
given elsewhere 191. Sources were trimethylgallium (TMGa),
trimethylaluminum (TMAI), and 100% arsine in a hydrogen __

*m flow of 10 L/min. The growth rate and V/Il ratio were 50
nm/mmn and 50, respectively. Linear grading was accom- MI'-UM & &A ,,-1 M

plished by simultaneous ramping of TMGa and TMAI flows Fig. 1. Composition prol of the vcsEL showing fe grading of the l

in 0.1-s increments. Diethyltellerium (DETe 74 ppm in H2 ) G acte l-ed an od r layers, and inthe
and carbon tetrachloride (CCI4 400 ppm in H2 ) were used wens.
for nominal doping levels of 3 x l0T cm -3 in the mirror 2 .

layers. The 60-A GaAs p-contact layer was doped using ,0,
diethylzinc (DeZn) to a level of I X 1020 cm- 3. A combina- ; 1.0

tion of photoluminescence and reflectance spectroscopy were 25

used to calibrate the layer thicknesses.L Li :L !io
The VCSEL device structure is a planar, top-surface-emit- 0 ' .001 0

5 0 15.00 0 10 20
ting, large-contact-area design similar to that described in Current (mA)
[31. Current confinement is achieved by the implantation of (a) (c)

- 310-keV protons at a dosage of 3 x 10"/cm2 around a 5.0 *. 0 35p n
masked active area whose diameter ranges from 5 to 40 pm. _ i 2.0
A post-implant anneal at 430"C for 30 s was carried out. > 05 E ;2.

Large-area Ti-Pt-Au p-contacts and Au-Ge-Ni-Au n-contacts 2.5 2.er5tes1 I
Fig. 2 shows the room-temperature CW electrical (cur- o 5 1 0l

5 0 15.00 0 20 400
rent-voltage) and optical (ight-current) characteristics of Cuffent (mA) CueM (.A)I representative VCSEL's with active area diameters of 8, 11, (b) d)
20, and 35 gm. Their lasing thresholds occur at 2.2 mA (3.4 Fig. 2. Voltage-current (V-I) and light-current (L-I) characteristics of

V), 2.7 mA (3.2 V), 6.0 mA (3.0 V), and 9.6 mA (2.1 V), four VCSEL's with active area diameters of (a) S, (b) I. (c) 20, ad (d) 35

corresponding to threshold current densities of 4.4, 2.8, 1.9, Fm'H and 1.2 kA/cm 2 . The series resistances are 75, 50, 30, and made to select the portion of the wafer in which the mode
22 0, (measured at a current of 20 mA) respectively, which position is best aligned to the gain peak. With improved
are at least a factor of 3 lower than the values for comparably alignment and better thermal management, higher optical
sized devices reported in [31. Peak output optical power power and thus improved power efficiencies (in excess of
ranges from 0.5 mW for the 8-ptm devices to 2.0 mW for the 10%) should be possible. Despite the nonoptimal optical
35-pm devices, which are not solder bonded or optimally alignment, the demonstration of a power efficiency of 4.5%
heat sunk. The differential quantum efficiency ranges from (which is the highest value reported, to our knowledge) is
50% for the 35-pm devices to 80% for the 8-pum devices. indicative of the excellent electrical characteristics that have
The lower efficiency of the larger size devices are largely due been achieved. Nearly all the VCSEL's showed good lasing
to a lower rate of stimulated emission resulting from the characteristics, and the device parameters have good local
larger spatial intensity variations in a multimode optical field, uniformity. However, due to processing inhomogeneities,
which does not effectively utilize the more-or-less uniform significant systematic variations in the device parameters
carrier (gain) distribution in the active region. occur across some parts of the wafer. To obtain a meaningful

The lower operating voltages and the very low series comparison of devices of different sizes, the average values
resistances of the VCSEL's indicate that the electrical charac- of the threshold current density, series resistance, and thresh-
teristics have been substantially improved by the grading, and old voltage for VCSEL's from the same part of a wafer,
that thermal dissipation has been significantly reduced. How- whose active areas range from 8 to 35 pm, are shown in Fig.
ever, the optical output is not yet optimal, due in large part to 3. The data show the monotonic decrease of all three charac-
the misalignment of the cavity mode with the gain peak, and teristics with increasing device diameter. The average thresh-
in part to the very large number of quarter-wave pairs in the old of 0.88 kA/cm 2 for the 35-/pm devices is comparable to
DBR mirrors and to inadequate heat sinking. The thickness the best results for similar device structures [31. The lowest
uniformity of wafers grown by MOCVD across a 2-in-diame- threshold current density of 780 A/cm2 was achieved by a
ter wafer is about 1-2%, which results in a ±15-nm varia- 40-pm-diameter device. Lasing was observed up to a temper-
tion in the position of the Fabry-Perot mode. No effort was ature of 82'C, with an output power of 0.2 mW.
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£ VCSEL's with continuously graded DBR heterointerfaces7 grown by MOCVD. These results represent the best VCSEL
characteristics that have been reported for MOCVD-grown
materials, with excellent threshold current density, differen-1 I i, v O tial quantum efficiency, and spectral characteristics. With

* (a) (b) (C) respect to series resistance, operating voltages, and overall
Fig. 3. Variations of the (a) threshold current density, (b) diode series
resistance. and (c) threshold voltage of the VCSEL's as a function of activ power efficiency, these results represent to our knowledge,
area diameter. the best data reported for a top-surface-emitting VCSEL, and
I compare very favorably with bottom- rface-emitting VC-

SEL's. This can be attributed to the effectiveness of MoCvD
in grading the heterointerfaces and thus minimizes the series
resistance contribution from the energy-band discontinuities.

0.7 A-- Further improvement in optical output power and higher
C power efficiencies can be achieved by optimization of the

DBR mirror characteristics, improved heat sinking, and opti-
5 mized processing conditions.
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1 Cascadable, Latching Photonic Switch withI .High Optical Gain by the Monolithic

1 Integration of a Vertical-Cavity
Surface-Emitting Laser and a

1 pn-pn Photothyristor
Ping Zhou, Julian Cheng, C. F. Schaus, S. Z. Sun, C. Hains, K. Zheng, E. Armour, W. Hsin, D. R.

Myers, and G. A. Vawter

Abstract-We report the first demonstration of a cascadable problems, while edge-emitting laser-based photothyristors are
photonic switch based on the monolithic Integration of 2 miid- incompatible with two-dimensional array architectures. The
quantqm-well vertical-cavity surface-emitting laser (VCSEL) and advent of VCSEL's presents a solution to these problems and
a latching p-pa photothyristor grown by LP-MOCVD. The

VCSEL and pa-pa photothyristor structures can be independ- opens new vistas for compact two-dimensional laser-based
ently optimized for optical switching, logic and memory func- switching arrays, provided'that their thermal dissipation can

tions. Optical switching with high gain (3000), high contrast be made tractable. Recent improvements in VCSEL charac-
(30 dB), low switching power (11 nW), and latching teristics, including lower series resistance, threshold voltage,
memory have been demonstrated. current density, and higher quantum and power efficiencies

[8], have significantly enhanced the propects for VCSEL-
V ERTICAL-CAVITY surface-emitting lasers (VCSEL's) based switching arrays.Iare well-suited for use in parallel, two-dimensional, Boolean optical logic functions [1] and binary arithmetic
optical switching and computing [1], [2] architectures be- operations [2] have been demonstrated by the use of optical
cause of their surface-normal format, parallel optical access, switches and logic gates based on GaAIAs/GaAs VCSEL's
high output power, low beam divergence, and good modal and HIT's. These thresholding VCSEL/HPT optical switches
properties. Optical switches based on the integration of het- have high optical gain (20) and contrast (32 dB), but do not
erojunction phototransistors (HPT's) or photothyristors (pn-pn exhibit bistable or latching characteristics in the absence of

devices) with a VCSEL provide optical gain, switching, positive optical feedback, which requires that the HPT and
control, and logic without an electronic intermediary. By VCSEL be vertically aligned. VCSEL-based optical switches
varying the degree of positive optical or electrical feedback have also been demonstrated by the monolithic integration of
between the VCSEL and HPT, these structures can function an InGaAs VCSEL with a GaAIAs/GaAs HPT [9] or an
alternatively as an optical amplifier, an optical switch, or a embedded pn-pn structure [10]. In these designs, a strained
bistable logic or memory device. InGaAs quantum-well active layer facilitates through-sub-

Surface-normal optical switches based on the monolithic strate optical transmission without vias. However, cascading
integration of a HPT with an LED, [3]-[51 or an edge-emit- is not possible in the former [9] since the GaAs HpT is
ting AIGaAs/GaAs laser [6] have been extensively studied. transparent to the InGaAs VCSEL emission, and although
The former, sometimes called the VSTEP (vertical-to-surface latching has been observed, the mechanism is not understood.
transmission electrophotonic switch) [5], has been integrated The latter [101 attempts to circumvent this problem by em-
into large (32 x 32), monolithic, optically addressable arrays bedding a pn-pn structure within the VCSEL cavity, using
[7]. However, LED-based switches are power-inefficient de- the same InGaAs quantum-well layers for both light emission
vices with low optical gain and serious optical crosstalk and absorption. Here, latching operation is likely to be a

result of positive electrical feedback. But since the same
Manuscript received June 28, 1991; revised August 27, 1991. University InGaAs quantum wells serve as the active layer of the laser

of New Mexico work was supported by the Air Force Office of Scientific as well as the absorber of the HPT, the detector responsivity
Research under Contract AFOSR-91-0345 DEF and by DARPA; Sandia is reduced, while poor spectral overlap between the source
National laboratory work was supported by the Department of Energy under and detector on different devices makes precise wavelength
Contract DEACO4DP00789.

P. zhou, i. Cheng. C. F. Schaus. S. Z. Sun, C. Haims, K. Zheng, E. control imperative for cascaded operation.
Armour, and W. Hsin are with the Center for High Technology Materials, In this letter we demonstrate a new monolithic switch
University or New Mexico, Albuquerque, NM 87131. design that circumvents many of these problems by integrat-

D. R. Meyers and 0. A. Vawter are with Sandia National Laboratories, a
Albuquerque, NM 37185. Ing a GaAs VCSEL with a self-contained GaAs photothyris-
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its own positive feedback and latching characteristics, while isolation layer, a I $m n+-GaAs contact layer (5 x IOll/cm3

the VCSEL serves as an active load. This eliminates the Te), a 25 am AIX x Gal -As layer (graded from x = 0 to
reliance on the VCSEL for positive optical feedback, which x = 0.3), a 300 amt n-Alo. 3 0ao.As emitter layer (5 x
is impractical since optical logic functions often require 10 7/cm 3 Te), a 25 am AIGa,_ As layer (graded from
multiple inputs that are spatially separated, while there is x = 0.3 to x = 0), a 100 am p+-GaAs base layer. (5 x

I only a single VCSEL output. It also permits the independent 10'S/cm 3 C), a 300 am n-GaAs collector layer (I x 1017/cm 3

optimization of the photothyristor and VCSEL parameters Te), a 600 nm a+-GaAs subcollector layer (I X 101S/cm 3

without compromising them for compatibility. Cascadabiity Te), a 500 run Al0 .3Ga 0.7 As cladding layer (5 x 10't/cm 3

i s also preserved by the use of a GaAs active layer. We C), and a 100 am p+-GaAs contact layer (I x 10"9/cm3 C).
describe below the design, fabrication, and operating charac- The reverse-biased n+-i-p + junction formed by the thick
teristics of the first monolithic, cascadable, latchable, VC- i-GaAs isolation layer between the pn-pn and VCSEL struc-
SEL-based optical switch, with very high optical gain (30 000) tures isolates the two devices electrically.H and contrast (30 dB), and low switching power (I I nW). The pn-pn and VCSEL device structures are horizontally

The operating principles of a latching pn-pn/VCSEL opti- integrated with a metallic interconnection between the h-
cal switch can be understood from the electrical characteris- contact of the photothyristor and the p-contact of the VCSEL.
tics of a two-terminal photothyristor in series with a VCSEL. The device fabrication starts with two chemical mesa-etches
The principles of a pn-pn thyristor are explained by the (1 NH 4OH : 1 H 20 2 : 40 H 20) that define the photothyristor
conventional two-transistor model with positive electrical (150 x 100 pm) and n-contact areas, respectively. An 18
feedback [11). In the case of a photothyristor, which is pm diameter active area is next photolithographically defined
comprised of a photosensitive npn-HPT and a single-hetero- and is isolated by proton-implantation [8. The p-contact
structure LED, radiative recombination in the latter can also (Ti/Pt/Au) and n-contacts (Au-Ge/Ni/Au) are patterned
provide positive optical feedback. The combination of optical photolithographically. Finally, the devices are isolated with a
and electrical feedback produces the familiar bistable electri- mesa etch that cuts through the active layer of the VCSEL.
cal characteristic, with a negative differential resistance re- Fig. 2(a) shows the room-temperature, CW, current-
gion separating the conductive (ON) and resistive (oFF) states. voltage-light characteristics of the integrated switch and the
While their relative contributions have not been determined, light-current characteristic of the VCSEL. The optical input
experimental evidence has shown that switching did not occur from a 830 nm laser source is coupled to the pnpn device via
in the absence of efficient electroluminescence from the LED. a multimode optical fiber. The I-V data show the desired
optical switching is implemented by noting that the voltage negative differential resistance characteristic, with bistable

V,, at which switching occurs from the on-state to the branches above 2.6 V. The lasing threshold is 2.8 mA and
ON-state, is reduced by the input optical power, i.e., by the the output power (0.35 mW) is limited by self-heating due to
optically injected virtual base current, which plays the role of a high-series resistance resulting from processing problems.
the gate current in a silicon-controlled rectifier (SCR). By The magnified low-current bistable region is shown in Fig.
biasing the pn-pn structure at a voltage below V, in the dark, 2(b), which illustrates the reduction of V, by input light. The
thus keeping it in the OFF-state, and applying an optical pulse voltage barrier between the ON and OFF states can be eimi-
to reduce V, below the bias voltage, switching to the ON-state nated by an input power of less than 30 nW.
can be optically effected. In principle, the optical switching Fig. 3(a) shows the scanned dc optical transfer characteris-
energy is somewhat arbitrary since it depends on the desired tic of the device under a 4.2 V bias, which shows the abrupt
reduction of V. In practice, this must be tempered by onset of switching at an input power level of 15 nW, and a
considerations of the desired input optical signal dynamic switched VCSEL output power of 0.35 mW, which repre-
range. The switched photothyristor current in the conducting sents an optical gain of 23 000. The switched output achieves
state powers the VCSEL above threshold. The latter stays on a peak power level of 1.3 mW, which is reduced to 0.35 mW
(without optical bias) as long the bias voltage exceeds that by excessive self-heating as the input power continues its
required to bias the VCSEL above lasing threshold, upward scan. The power remains latched at the 0.35 mW

The device structure (Fig. I), which consists of a pho- level when the input power is scanned downward past the
tothyristor vertically integrated with a VCSEL, is grown by switching threshold towards zero, provided that the device is
low-pressure metalorganic vapor phase epitaxy (LP- biased above the threshold voltage for lasing. The optical
MOCVD). The VCSEL active layer contains four 8 nm thick contrast, defined as the ratio of the switched output power
GaAs quantum wells separated by 2 nm thick Alo.sGao.gsAs level to the spontaneous emission level below threshold, is
spacers layers, embedded between two multilayer distributed about 30 dB. Fig. 3(b) shows the time-domain response of
Bragg reflector (DBR) stacks containing 43.5 and 24 pairs of the switch to a transient dc optical signal, which again
quarterwave AlAs and Al0. 5Ga0 .sAs layers, respectively, illustrates latching of the switched optical output without any
The heterointerfaces in the DBR mirrors are continuously input optical bias. The inset shows its time response to a
graded to improve the electrical characteristics of the VCSEL single 15 ps optical pulse, which shows that the switched
[8]. The photothyristor structure is epitaxially regrown on the VCSEL output remains turned on until the electrical bias is
VCSEL by MOCVD, although the entire structure can be removed. The switching speed (about 5 ps) is currently
grown in a single step. The pn-pn epilayers contain a 100 am limited by the large area of the photothyristor. These switches
undoped AlAs stop-etch layer, a 1.5 pm undoped GaAs ar cascadable since the emission of the GaAs VCSEL (847
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a m) is readily absorbed by the GaAs collector-base layers of 2O GA

-the WPT. We have confirmead this by achieving latchableF Iswitching using a GaAs VCSEL source over a wide range of Is 0.

input optical power up to a milliwatt.
The switching energy is a function of the desired level of 02

reduction in Ps, which therefore decreases with increasing ao
V This is shown in Fig. 4, which plots the switching power SO
and output power as a function of bias voltage. A threshold 0.1I can be seen at 3.7 V, which is the bias voltage at which the
switched photothyristor current becomes sufficient to drive 0

the VCSEL well above threshold. Above 3.7 V, the output .6 4.0 4.4

laser power increases with bias voltage (current) while the
switching power is reduced since less optical power is needed Biasing Vowr age (V)
to effect a smaller reduction in V. Thus, a switching thresh- Fig. 4. input switchng power and switched output power of the integrated
old as low as 11 nW, corresponding to an optical gain of
30 000, has been achieved.

In summary, we have demonstrated the operation of a 14] J. c. CampbleU, A. 0. Dentai, C. A. Burns, Jr., and J. F. Ferguson,
monolithic latching optical switch based on the integration of "nP/lCnaAs heterojunction phototransistors," IEEE J. Quantum

Electron., vol. QE-17, pp. 264-269, Feb. 1981.
aphotothyristor with a VCSEL. Latching optical switching (51. Ogura. Y. Tashiro, S. Kawai, K. Yamada, M. Sugimoto, K.
characteristics have been demonstrated, along with high opti- Kubota, and K. Kasahara, "Reconfigurable optical interconnection
cal gain (30000) and high optical contrast (30 dB). The using a two-dimensional vertical to surface transmission electropho-

integrated pn-pn/VCSEL switch represents not only a volatile tonic device array." Appl. Phys. Lett., vol. 57, pp. 540-542, 1990.
oticaed b- t witc als eprset nmplem t a ie 6 C. F. Schaus, J, R. Shealy, F. E. Najar, and L. F. Eastman,
Optical memory, but can also be used to implement a new "Integrated laser/phototransistor optoelectronc switching device by
class of optical logic gates with latching logical outputs. organometallic vapor phase epitaxy., Electron. Len., vol. 22, pp.

454-456, 1986.
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ABSTRACT

Cascadable optical logic (AND, OR and XOR) based on heterojunction phototransistors and

vertical-cavity surface-emitting lasers is demonstrated. We also discuss a scheme for implementing

binary arithmetic using optical symbolic substitution and these logic elements.
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AND, OR and XOR Digital Optical Logic:

Binary Addition Using Optical Symbolic Substitution

I R. P. Bryan and G. R. Olbright

Sandia National Laboratoriest, Albuquerque, New Mexico 87185

Voice: (505) 844-8548, FAX: (505) 844-3211

Julian Cheng

University of New Mexicott. Center for High Technology Materials, Albuquerque, NM 87131I
Summary

I We describe cascadable optical logic gates (AND, OR and XOR) based on heterojunction

phototransistors (HPT) and vertical-cavity surface-emiting laser (VCSEL) structures.1 Here, a single

device provides electronic amplification, optical gain and switching, and we eliminate the need for an

additional external optical source or an optical bias beam. We describe optical logic functions such as

3 I inversion, AND, NAND, OR, NOR, and exclusive OR (XOR), etc., using simple combinations of

phototransistors and lascis, and provide a specific example of binary arithmetic based on optical

3 symbolic substitution. In Fig. 1 we show the optical circuit configuration for AND-, OR-, and XOR-

gate operation. The phototransiston are optically switched from a high-bias voltage, low collector

current OFF-state to a low-bias voltage, high conductance ON-state which then drives the VCSEL

above threshold. If multiple optical inputs (each of sufficient intensity to switch on the VCSEL), are

incident on the HPU, then an optical OR gate is obtained (see Fig. 2a). To operate as an AND-gate,

the intensity of each optical input to the HPT must be such that they can collectively, but not

individually, produce enough current gain to switch on the VCSEL (see Fig. 2b). By configuring two

HPTs and two VCSELs as shown in Fig. lb, we have demonstrated XOR (see Fig. 2c). For the case

of XOR operation, when light is present at both or neither HPTs, the potential between them is at

ground and no current flows through the VCSELs and the output is the 0-state. However, if only one

HPT is illuminated, then current flows through a VCSEL and the output is the I-state

Boolean logic recognizes a combination of input bits and outputs one bit. Symbolic substitution,2

recognizes not only a combination of bits but also their relative spatial configuration. We illustrate this

with the example of a two-dimensional binary half-adder, using a two-dimensional array of

phototransistor/VCSEL surface-normal logic gates. Binary addition involves the SUM and CARRY

operations, which can be simulated using the AND- and XOR-gates, respectively. The states 0 and I

are symbolically represented by a VCSEL in the ON-state or OFF-state. For binary addition, inputs
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consist of two N-bit words (two liiear arrays) arranged as parallel rows of optical bits. The addition

algorithm requires both pattern shifts and transformations that simulate the SUM (XOR) and CARRY

5 (AND) operations. Each bit in the sum of A + B is replaced by the corresponding left and right-

shifted CARRY and SUM bits (VCSEL outputs), thus replacing the original rows of A and B with

new, spatially-shifted symbols representing rows of CARRY and SUM bits. These are fed into the

next logic array to undergo N-successive symbolic substitution cycles until there are no I-bits

remaining. The complete arithmetic operation can also be done more simply cycling the output

I through the logic array N times, using the optical scheme shown in Fig. 3. This requires that the logic

array be reset after each of N passes through the half-adder, while preserving the previously

generated optical outputs as the inputs for the next pass.

3I SNL research is supported by DOE contract No. DE-ACO4-76DP00789.

tt UNM research is supported in part by AFOSR and DARPA.

I. Sandia Patent no. SD-4896, S-71, 738 pending, January (1990).

2. A. Huang, in Tech. Digest, IEEE Tenth Int'l. Optical Computing Conf., (1983), pp.13-17.
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Figure Captions

Figure 1. Digital optical circuit configurations for a) AND and OR, and b) XOR.

Figure 2. Digital optical logic operations a) OR, b) AND, and c) XOR.

Figure 3. Optical circuit for a multi-pass binary half-adder, which includes a logic array (SI) and a

memory array (S2). Also shown are the rules for addition using symbolic substitution and a 4-bit

binary addition.
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3 SENSITIVE DOPPLER VELOCIMETRY AND ANEMOMETRY USING SEMICONDUCTOR LASERS

I
Elizabeth A. Callan and John 0. Mclnerney*
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I
ABSTRACT

Velocities of diffusely reflecting objects have been measured in the range 0.5-20 m s"1 using compact, self-

referencing and sensitive (-60 dB) systems based on laser diodes. Airflow velocities have also been determined.

* Corresponding Author. Professor John G. Mclnerney. Tel. (505) 277-0768, Fax (505) 277-6433.
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SENSITIVE DOPPLER VELOCIMETRY AND ANEMOMETRY USING SEMICONDUCTOR LASERSI

Elizabeth A. Callan and John 0. Mclnerney

Oproelectronic Device Physics Group

Center for High 7echnology Materials

University of New Mexico

Albuquerque, NM 87131-6081

The extreme sensitivity of laser diodes to minute amounts of optical feedback has long been considered a nuisance,

but this same attribute, if properly controlled, makes laser diodes ideal for remote sensing. Here we describe the

construction and evaluation of compact and sensitive diode-laser-based velocimeter/anemometer systems which are

self-referencing (i.e. need no phase or frequency adjustment) and which require only simple optical alignment, in

contrast to the more usual interferometric laser sensors. In each case, a low-power (-1 mW) laser beam was

collimated and directed onto a moving and diffusely reflecting target (white bond paper), from which the Doppler-

shifted optical backscatter was coupled back into the lasing mode, causing an easily detected intensity modulation at

the Doppler frequency shift.

Two data extraction schemes have been examined. In the first, a beam-splitter was placed in the collimated beam to

direct a portion of the returning backscatter into a photodiode, and the Doppler backscatter modulation appeared on

the intensity noise spectrum; this signal was amplified and detected using a microwave spectrum analyzer. In a

second experiment, the junction voltage was amplified and input to the microwave spectrum analyzer. In each case,
compact frequency mixer/counter electronics could replace the spectrum analyzer in practical applications.

Having determined the laser-lens coupling factor by measuring the threshold reduction in a separate strongly coupled

external cavity, we measured the total coupled backscatter into the lasing mode to be approximately -60 dB for a

signal-to-noise ratio of 10 dB or better. The SKR varied considerably with measured velocity (i.e. with Doppler

frequency) due to the amplifier response and modulation response of the laser diode. The velocimeter was linear to

within 2% in the range from 0.5 to 20 m ort , the lower limit being due to the amplifier low-frequency roll-off and the

upper limit was restricted by packaging limitations on the laser diodes.



IApplications of the semiconductor laser Doppler velocimeter include anti-collision sensing, anemometry. wind shear

detection, guiding robots or docking vehicles. To evaluate the system as a simple anemometer, we replaced the

moving paper target with a tube attached to a vacuum hose, then illuminated the resulting airflow with the laser

diode. While clean laboratory air produced very little backscatter and consequently unreliable Doppler signals,

I addition of small amounts of scattering particulates into the airstream produced excellent results.

In summary, we have demonstrated compact, self-referencing and sensitive velocimeterlanemometer using Doppler-

shifted optical backscatter to modulate the intensity or junction voltage in a diode laser. Measurements of velocities

in the range 0.5-20 m s-I with SNR greater than 10 dB required only -60 dB of backscatter. The system has many

possible applications, including measurement of air flow velocities.

I
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Reduced absorption in semiconductor quantum wells
through coherently-derived quantum interference.

Reduced Absorption Mechanisms in Semiconductor
OuantumLWel DONG S. LEE, KEVIN J. MALLOY, CHTM University of
New Mexico-- - - Ultra high refractive indices without absorption' and
reduced absorption 2 have been predicted and observed for atomic
systems. We apply these considerations to semiconductor structures
with complicated energy bands and strong phonon interactions. Bulk
semiconductors offer limited flexibility, while quantum well structures
offer the ability to tailor the dielectric response through control of the
conduction subband states and the separation between heavy and light
hole states. To observe high indices without absorption, Raman pumping
from the ground conduction state should result in a coherent state at the
bottom of heavy hole and light hole bands. The high index then exists
between the first excited conduction subband and the range of
separation between the holes. Since this scheme gives a large refractive
index change, we can observe results by photo- or electro-reflectance.
However, interactions between subbands and the strong phonon
scattering may inhibit the coherent state. To observe reduced absorption
without changes of refractive index, two conduction subbands should be
coupled by a CO2 laser. Reduced absorption should be observable from
the bottom of hole state to the range between the two dressed states of
the conduction subbands. This approach is simpler than coherent
pumping, and modulated transmission offers the best chance for
observation.

1. M. Scully, Phy. Rev. Lett. 67, 1855(1991)
2. S. E. Harris et al., Phys. Rev. Lett. 67, 3062(1991)
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Abstract

We report investigations of the onset of chaos in a semiconductor laser with weak

external optical reflection, and in an AR-coated semiconductor laser in an external

cavity.
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Semiconductor lasers are typical class-B lasers in which the decay rates obey yp, y << y , where -p, y .
and y are the decay rates of the photons, population inversion and polarization, respectively. Therefore
an isolated semiconductor laser is well described by rate equations with only two independent variables
(photon number and carrier population) so that chaos is not observed. Here we show two different
geometries to make chaos feasible in a semiconductor laser system. The results clearly demanstrate the
origin of instability in the semiconductor laser:, the interaction in the nonlinear laser medium between
undamped relaxation oscillation (which expresses the energy exchange between carrier population and
photons) and some external modulation (which may include optical feedback).

In the first experiments we used a commercial CSP semiconductor laser (Hitachi HLPI400) with an
external reflector which provides weak optical feedback (<0.1% in power) to the laser. This optical
feedback modulates the carrier population N and the optical field (both intensity I and phase 0) in the
laser resonator and also causes coupling between them. Using this geometry a rich variety of dynamic
behavior has been observed /I,2/. but the physical basis for the instability was hitherto unclear. We show
here the measured intensity noise spectrum by changing system parameters, mainly by changing
feedback levels (Figs.l and 2). For increasing feedback level the relaxation oscillation is undamped at
first, then the external cavity modes are excited. Fig. 1 shows that chaos can be reached through a pure
period-doubling route if the relaxation oscillation frequency vR remains an integer multiple of the
external cavity mode spacing Vext, i.e. vRfnVext (n: integer). The fundamental period corresponds to the
roundtrip time of photons in the external cavity (T= I/Vext). Fig.2 shows the quasiperiodic route to chaos
observed when vRInVext. The latter situation is found more frequently in the experiment. The optical
spectra are also monitored during the measurements, clearly showing symmetry breaking in the system.

Although the pure period-doubling route to chaos happens only in a narrow range of system parameters,
initial period-doubling is found in quasiperiodic behavior (Fig.2), indicating that period-doubling is a
fundamental process in the system. For most system parameters we see a mixture of period-doubling and
quasiperiodicity. culminating in chaos.

The above experiment has been modeled theoretically /3/ using a rate equation approximation including
coupling between the intensity and phase, weak feedback and gain saturation effects. The rate equations
are integrated numerically to obtain the time series of the three variables N(t),I(t),O(t) which are further
utilized to calculate the autocorrelation function, correlation dimension and other fundamental dynamical
properties. Period-doubling and quasiperiodic routes to chaos are obtained in the thecretical analysis. in
good agreement with the experimental measurements 4.

The phenomena described above are easy to understand in the general context af nonlinear oscillators:
the interaction of two or more modulations applied to a nonlinear oscillator can cause chaotic behavior. If
the two modulation frequencies have a rational ratio, frequency locking may result and period-doubling
will occur when the system symmetry is broken. Otherwise the two incommensurate modulation
frequencies will beat together, and for increasing modulation depth more new frequencies corresponding
to combinations of the existing frequencies will appear because of nonlinearity of the oscillator. Both
processes cause chaos in the oscillator. In our laser system only one external modulation is added due to
the external cavity modes, but the intrinsic relaxation oscillations are also undamped by the optical



feedback, so in effect two oscillations are applied to the laser system, and interaction between them
causes tk chaos.

A A

Vex: VR Vext -R5vext.

B B

Svext -(VR-Vext2)

e Vext/4

D D

0 5.SGHz 0 5.SGHz
-> V -'-"-> V

Fig.l Measured intensity power spectra for the Fig.2 Measured intensity power spectra for the
laser diode with an external reflector. laser diode with an external reflector.
Lext _= 9cm, pump current Vlth = 1.38. Lext = 15.5cm. pump current 1th =_ 1.59.
Feedback level was increased from Feedback level was increased from
AtoD. AtoD.

Armed with this understanding, we set up another experiment to investigate the dynamic behavior of an
anti-reflection (AR) coated semiconductor laser in an external cavity with a grating reflector. The
residual reflectivity of the AR-coating on the internal facet was less than 0.1%. A solid etalon with FSR =_
100 GHz and finess S 30 was inserted in the cavity to create strong dispersion and hence longitudinal
mode selection. The external cavity mode spacing was chosen as a 520MHz so that the envelope of the
etalon resonance curve could include several cavity modes, therefore multi-mode behavior was possible.
At first the cavity detuning was chosen so that the cavity resonance was at the center of the etalon
resonance curve. In this case a single external cavity mode was obtained (Fig.3A) and maximum output
power observed. As the external cavity was detuned from the center of the etalon resonance, a sharp peak
at several tens of MHz appeared (marked in Fig.3 as vR) which was accompanied by a low frequency
component (marked as vI in Fig.3) and its harmonics. With different cavity detuning the value of vR was
almost constant but vI changed, so thai different ratios of vR to vI were obtained. The corresponding
intensity spectra showed quasiperiodicity (Fig.3D) or period-doubling (Fig.3C). The corresponding
optical spectra showed multi-mode behavior and different ansymmetries. Chaotic behavior appeared
upon further cavity detuning(Fig.3E).
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A -711

I " VR .

I ..

D -': -i---+ Fig.3 Measured intensity power spectra (a) and

D ~optical spectra (11) for an AR-coated
I - - -laser diode in an external cavity.

Lt7_ 26cm, pump current UlIth= 1.07.
External cavity length is dehined from A

1B to D by an amount -<X
Optical spectra were measured by using

.... ___'__. . ________a plane-plane scanning F-P interferometer
o -> v s0M with FSR=IlGHz and finesse>l100.

I
In the experiments vR could be changed most effectively by adjusting the pump current, while v1 could
be varied mainly by setting the cavity detuning. This suggests that vR was the relaxation oscillation
frequency of the external cavity laser, and vI was the beat frequency between different cavity modes;
these modes had unequal mode spacings because they were located at different parts on the etalon
dispersion curve. Further experimental measurements are continuing.

Both experiments agree in associated indicating strongly that the origin of instabilities in a semiconductor
laser system is the interaction between undamped intrinsic relaxation oscillation and same external
modulation.

References:

1 /I/G. C. Dente, P. S. Durkin, K. A. Wilson and C. E. Moeler, IEE J. Quantum Electron., QE-24.
2441(1988).

/j 1. Mork, J. Mark and B. Tromborg, Phys. Rev. Let., 65.1999(1990).
f3/ Jun Ye, Hua Li and John G. Mclnerney, Submitted to Phys. Rev. Len..

/41 Hua Li, Jun Ye and John G. Mclnerney, unpublished.
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THEOREMCAL STUDY

U QL f(X(t)) + k-g(X(t),X(t- r)) + F(t)
U dtQ

*isolated lasing process /192/
0 delayed nonlinear feedback /11,3/

* t: delay time;
k: feedback strength

9C (fe xt) 1/2

* ~ JLangevin force, noise driving /4,5/

*~t O1) X(t) (t)

IN(t) )N(t)

Q(t)=cO(t)-ws tim 4D (t)-O (t-At)
A t -00 At

I Refenrences:
/1/G.P.Agrawal and N.K.Dutta, "Long -Wavelength semicondu-

Htor Lasers*", Van Nostrand Reinhold Inc., 1986
/2/G.P.Agrawal, IEEE J.Quantumn Electron., 26, 1901(1990)
13/B.Dorrizi and B.Grammaticos, Phys. Rev. A, 35, 328(1987)

I /4/M.Lax, Reviews of Modern Physics, 38, 541(1966)
/5/R.F.Fox, I.R.Gatland,R.Roy and G.Vemuri, Phys. Rev. A.,38,

5938(1988)
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I CO LUSON

1 1. a semiconductor laser with weak optical feedback
for increasing feedback level undergoes:

~~i"ewidth

narrowingI

undampig

I Irelax. oscil.(m.VR)

exciting

ext. modes (n-Vext)l

VR= n--V e xt IVR -- n.Vext]

Iquasiperiodic [period-doublingI

2. White noise with a realistic level does not have
strong influence to the dynamics but obscure the
details and make the correlation dimension more
difficult to determine.



quaency modulation 4FM) art- essential in -1 GHz. We extend these measurements by taking into account the dependence of
semiaconductorf laser based angular modu- tif two-section DFII lasers into the naultigi- nterband carrier lifetime tson optical feed-
lated coherent optical fiber communication gahertz freuency range. The FM re- back (i.e., the changes in the photon num-
systems. Two-loed Dill lasers R2E- sponse magnitude as large and flat for fre. ber inside the optical cavity driven by opti-
DFB) show great potentials for alt the re- quencies from 10 kHz up to several hun- cal feedbacky
quirements mentioned above. We report dred megahertz. This is followed by a dip )
in this paper a study of the FM responses of in the response at -.1 GHz and a relaxation is w y.(l +An,,)'
two-lectrode DFB lasers vs the condition resonance peak at a few gigahertz. How- Y; *Y a
that one section (front) is biased to obtain ever. this dip does not limit the speed of the
lasing action whereas the other (back) sec- device, as is evident from the flat AM re- A steady state analysis gives information on
tion is moderately biased and modulated.' sponse of this laser at I GHz. In proper 4., no and the characteristic curve. the

The 2E-DF5 laer is based on an etched bias conditions, an FM response magnitude three classes atbehavior are ruled by the
mesa buried heterostructure (EMBH) laser >1 GHz/mA and a 3-dB FM bandwidth of sign of a function F linking cavity losses X,

S with current blocking relionsof semi-insu- '-5 GHz is demonstrated, including the feedback ratio f, and coupling B between
ting In? material grown by hydride vapor shallow dip and increased response of the the actual electromagnetic field and the ac-

phase epltaxy.2 Thenasers have both fac. resonance; we believe this to be the widest tive cavit-h
ets cleaved and have about equal length in FM bandwidth reported to date for such 4r.~ each4ticon (,-254 sm). laers. As the bias islIncreased in the mod- Fa IOUl-fP.-3

we have studied the FM responses at sev- utlated section. the resonance peak becomes -

trral t sch thatl4s:l&"andl, -10 0 mA. damped and moves out to higher frequen- IL-45AM-
Two main features are noteworthy. First, des. Both the characteristic response dip TUPS Multimode stabl~ty anialysis of
the FM sensitivities from 300 kHz up to a found at -1 GHz and the resonance at a few side-moide lajectlon-locked semiconduc-
few hundred megahertz are uniform. Sec- gigahertz depend strongly on the bias con- btr lasers,
ond, the bandlimited FM sensitivities re- ditions. The lastr can be lid in a regime
*smble the responses of an electrical low *rhere there is either a red or blue frequen. JHY-MING LUO. U. New Mexico, Center

pasfilter. The 3-dR Rd bandwidth cy shift with satic current tuning. In cam- for High Technology Materials, Albuquer-
eves from 360 MHz at 4~ - 10 mtA to0900 parison with the static red-shifted FM re. que, NM 87131; MAREK OSINSKI, U. To-

Mlfz at 4~ -30 mA. right below 4,&&. Also sponse. the blue-shifted response has a kyo, Research Center for Advanced Science
the sensitivity reduces from 2 GHzImA at 4 more severe dip at '-1 GHz and a strongly h Technology, 4-6-I Komaoa Meguro-ku.

-10 mA to 440 MHz/mA at 4, - 30 mA. damped resonance. Consequently, a blue- Tokyo 153. Japan.IThus, both the FM sensitivity and the band- shift-bias produces a much lower 3-40 Seionucor lasers with their relative-
width can be altered by varing 4~ to satisfy bandwidth than a red-shift bias. The ob- ly low-Q Fabty-Perot cavities typically have
system needs. The general FM response served behavior Is well represented by the- multimodet spectra and poor frequency ala.
shows drastically different behavior when oaretical curves derived fromn a smallI-signal bility. Injection locking has proved usefulI4 exceeds 16,i. At 4 - 35 mA, when the analysis of the coupled rate equations, in achieving single-mode operation under
back section is barely lasing. the FM sensi- This model characterizes the laser behavior high-speed modulation and enabling pure
tivity shows a pronounced resonance peak by only a few parameters; namely, the re- amplitude or phase modulation. Comn-
at w.500 MHz. As 4 is increased further, location frequency, the photon and carrier pared with a conventional setup, where
the relaxation oscillation frequency In- lifetimes, a damping factor, and the asym- light is injected into the free-running domi-
crese eyn our maue ntlimit of 3 metry between the two sections. nant mode, side-mode injection locking

G~.Fnalat 4 0m.the FM re- We thus successfully demonstrate and permits us to extend the available range of
spose eseble tht oa egu~rDBI~r caraterzethe multiglga hertz FM re- device parameters such as Waing frequency,

nexiisthe typical sensitivity dip and spontse for two-electrode DPI lasers. linewidth. or modulation bandwith. Also,
phs eeslaon ~.11:30 AM spectral variation of laser characteristics,

1. C. Y. Kuo and N. K, Dutta, "Characteris- TUP4 Single-mode semiconductor lasers e.g.. gain or linewidth enhancement factor,

tisof Two-Electrode DFB Lasers," Elec- with optical feedback: a theoretical ap- canl be determined by scanning the injected
tic.Lt.24s4 188.poc longitudinal modes of the slave. In our
t-n. eTwu. 24, 947 (18. D.rynacRhF analysis, we use multimode rate equations

Karl icek. Jr., W. V. Werner, R. L. Brown. M. MILANI, U. Milan. Physics Dept., Milan including a phase equation for the injected

and N. K. Dutta. "Two-Electrode DFB La- 20133, Italy; F. BRIVIO. G. CHIAREl-rI. mode. The dynamic stability is investigat-

sets for Optical FSK Heterodyne Sys- ITALTEL SIT. 20019 Castelletto di Settimo ed by considering small fluctuations
tmunulse.Milanese, Italy. around the stationary solutions. The re-

tems" unublihedsults are then compared with a simple sin-
Different classes of behavior appear in gie-mode approximation. Asan example.a

11:15 AM semiconductor laser dynamics depending typical index guided 1.54-pum nGaAsl laser
TUP3 Multlgigahertz bandwidth FM re- on the feedback ratio for fixed geometry of is considered. A full multimodle stability
sponse of twa-electrode DFR lasers the feedback generating system. Feedback test confirms the single-mode result that

A. . WLLNR, .KZNESOV 1.P. A- is usually reported to give rise tosa decrease detaining the lasing mode toward the short-

A. E U. KEN, T. LT. CH .KA. of the threshold current I,h, and an increase wavelength side of the gain peak increases

MINOW., G. KOREON, AT. . l KOCH.C.A of the differential quantum efficiency nr, the resonance frequency P,. At a pumping
RURRS. . RYBO. A&T ellLJ1~a. sometimes it is reported that nv remains level 20% above the fre-running thresh-

tories, Crawford Hill Laboratory, Box 400, constant. In some experiments it is possi- old, the maximumn enhancement of F, OC-
Holmdel, NJ 07733. ble to see that ni, decreases. The response curs three mode spacings away from the

We report the experimental and theoreti- of the system to optical feedback is investi. central mode. An additional benefit is that
cal characterization of the FM response of a gated by means of a microscopic model in- optical injection enhances the field damp-
two-section DFB laser emitting at 1.3 sam. troduced to describe laser diode dynamics. ing. thereby narrowing the spectral
Such tunable lasers have emerged as impor- and their changes. for example. in ihe pres- linewidth, increasing modal stability, and
tant componentsa for various FDM and FSK ence titf a small current modulating signal reducintg the dynamic frequency chirp.
optical communication systems.L Experi- As a first approximation the role of the We conclude that the side-mode injection
mentally deter mined FM responses foir sim- phase oft the 0lecoromagniefic fie~ld is rar- lociing may be useful for such uses as opti-
ilariatrutures have beenrpri.Pfldpftvmus- glecatl A unifying waiy to desciribe the' cal communication, fast switching, and ul-
ly only for modulation iretluenciev. b-low 1hre, Jsffefrnil t'ahavaor,. can be .htdar'eJ trashort pulse generation.
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invesionless amplification can occur with any where A, is equal to either A, of A3 are shown, the stable locking bandwidth can be increased
nonvanishing number of atoms in the upper as well as the lines of degeneracy where two of significanth by injection into a side mode. As
level. This lattet configuration is, therefore, more the A, on the branch of solutions of Eqs. (4) coin- sho, n in Fig 1, the stable locking range is pre
interesting for inversionless amplification, ode. The topology of the boundaries in this dtcted to increase with the detuning from the

parameter plane changes neither with -Y nor gain peak. This implies that better locking and
1. 0 KocharovskIya and P )Iandel, Phys. Rev. A with a where 4 s sx 5. Two-mode solutions eased operational tolerances can be expected

42. 523 (990 emerge from the Hopf bifurcations A, Figure 2 with side-mode injection. This prediction is con.
shows an example for As < A2 with a stable firmed by numerical simulation of noise spectra
branch of two-mode solutions connecting A, with different target modes. Although the noise

QWD28 Phase-driven dynamics of a and A2. The branch of two-mode solutions spectra for the peak-mode injection indicate
multimode semiconductor laser emerging from A3 connects to A4, which is very poor locking of the free-running dominant

C. Etrich, Paul Mandel, Nq. B. Abraham, large in this case. There is an interval of instabil- mode (Fig. 2) the field-noise speLtrum of thea . hPladel, Nity on this branch that is marked by a pair of slave laser is almost a replica of the master oscil-
and H. Zeghla-che' Hopf bifurcations (As, A6). The restabilization at lator when mode + 3 (short-wavelength side of
Oplique Nonlinaire Th/lorique, Ulnimtrsit Libre A$ occurs for relatively high pump. As and A6 the gain spectrum) is chosen (Fig. 3). Contrary
dt Bruzrfks. Campus Plaint C.P 231, B-1050 are connected by a stable branch of quasi- to noiseless small-signal calculations, however,
BrUxefles, Belgium periodic solutions that are governed by one t0.e locking quality degrades when higher

additional frequency the frequency appearing at detuning is attempted, which demonstrates the
We derive the following set of equations to one of the Hopf bifurcations. importance of noise effects.
describe a two-mode semiconductor laser In summary the first multimode numerical

simulations of field-noise spectra in injection-
8,El - -E, (1 - ia)A(EIF + EQ So i locked diode lasers are reported. Small-signal
aE 2 - -(X - 4)E2 + ( - ict)A(E 2 F + EIG), QWD29 Simulation of field-oise spectra predictions of improved locking Lre verified,in injection-locked semiconductor and an optimal target mode is identified. Wea,F a y - -f(1 + E112 +E212)F - -j(E1E;G lasers demonstrate that by proper choice of the

+ E*EC?). Jhy-Ming Luo and Marek Osinski injected mode, it is. possible to achieve nearly
-(1 + --+ jEa2)G - yE E2F (1) Physical Optics Corporation, 20600 Gramercy perfect locking. The results are consistent with

Place, Torrance, California 90501 our earlier calculations of frequency-noise spec-
where x = 1X is the ratio of the decay rates of tra. To our best knowledge, these are the first
the electric fields E, and E2; it is fixed to be There has been growing interest recently in cak-ulations of field-noise spectra for injection-
larger than unity. -V is proportional to the decay application of injection-locking techniques to locked semiconductor lasers.
rate of the population inversion., A is the pump, semiconductor lasers. A primary motivation for
a is the linewidth enhancement factor, and -r = these studies is the prospect of applying injec- 1. . -M. Luo and M. Osiftski, in Technki Diest,
Xst is the scaled time. E, and E2 are complex, so tion-locked lasers to coherent optical communi- Internaifnal Quantum E~tronics Conference
the phase d,namics are fully included in Eqs. cation systems. The performance of such sys- (Optical Society of America, Washington, D.C.,
(1) The variables F and G are related to the pop- tems is greatly influenced by the noise charac- 1990) paper QTh125.
ulation inversion. The steady-state solutions of teristics of the light source. Recently, we 2. N. Schunk and K. Petermann, IEEE . Quantum
Eqs. (1) are the trivial solution reported' on numerical investigations of diode- Electron. QE-22, 642 (1986).

laser frequency-noise spectra under external sig-
E, - E2 = 0, G = 0, F-1 (2) nal injection. In particular we examined side-

mode injection locking, in which the target -

and the two single-mode solutions mode differs from the free-running dominant QWD3 i Orthogonal-field noise coupling
mode, and we showed that it is possible to tenaf l a

El= %A - lexp( - iflr,), E2 - 0, G = 0, achieve considerable reduction in frequency attenuator
F - 1/A, fl, - a, (3) noise in the low-frequency regime. Here we Brian H Kolner

describe the first multimode numerical studies Heutrt-tAkard Laboratories, PO Box 10350.
E, VA-IX- exp( - ifl:t). E, - 0, of field-noise spectra in injection-locked semi- Building 26M16, Pao Alto, California
G 0 0, F = )/A, (12 a)0 - 8, (4) conductor lasers. Field-noise spectra are impor- 94303-0867

tant because they carry direct information about
which exist for A > I and A > x, respectively linewidth and line shape. The comentional optical attenuator for linearly
There are also two-mode solutions with both In the simulations, we consider lnGaAsP/InP polarized light is constructed will, a half-wave
electric fields different from zero and oscillating index-guided master and slave lasers emitting at retardation plate and a polarizer and works by
with different frequencies. The steady-state solu- - 1.54 lam, with the respective linewidth rotating inodent linearly polarized light so that
bons are steady in the sense that the corre- enhancement factors of 4 and 5.5. The master the power transmitted by the polarizer has a
sponding intensities are constant. I we neglect oscillator %wvelength is adjusted to match vari- cos'26 dependence, where S is the angle
the phase interaction in Eqs. (1), i.e., cancel G, ous modes of the slave laser Furst, stationary between the optic axis of the waveplate and the
Eqs. (3) and (4) remain solutions and no two- solutions of the multimode rate equations with- incident electr field vector If the incident light
mode solutions can be found. In this case a lin- out any noise terms are found for both the mas- is not completely linearly polarized, but has a
ear stability analysis around the single-mode ter and slave oscilators.'Ahese solutions are then small orthogonal component, then as the
solutions shows that Eqs. (3) are ahvays stable used as initial conditions in simulations of tern- waxveplate is rotated to i,-duce the net power, the
and Eqs. (4) are always unstable. No instabilities poral evolution with .angevin noise terms unwanted orthogonal field component is
occur on either branch. On the contrary, when included. The temporal behavior of the master increased as measured past the polarizer. Hence.
we deal with the full Eqs. (1), the generic situa- laser is found first to provide an injected signal the net power does not gc to zero.

bm is that Eqs. (3) become unstable by a Hopf with a noise component. Two longitudinal Now, consider the nature of the transmitted
bifurcatiion (A) and restabilize for a sufficiently modes are included, with the side-mode inten- power when amplitude fluctuations on the two
high punp. Because this restabilization occurs at sity 20 dB lower than that of the peak mode. orthogonal components are included. When S .
a relatively high value of A, this point is not con- Hence, in addition to the spontaneous-emission 0, the noise results entirely from the main polar.
sidee here. On'the branch of solutions of Eqs. noise and electron-population fluctuations, the ization field, and when I = 45, the noise results
(4), up to three Hopf bifurcation points (Al, A3, injected signal also contains panition noise. The only from the weaker orthogonal field. In many
and A) may be found. The mode of Eqs. (4) can multimode stochastic rate equations with exter- cases, lasers are constructed with intracavity
be stable between A2 and A3 and eventually sta- nal injection terms2 are then solved for the slave loss elements that are polarization dependent, so
bilizes for sufficiently high pump at A4. laser, with 11 modes included in the cakula- the laer tends to operate in a single polariza-

Figure 1 gives a typical example of the rela- tions. This allows us to investigate side-mode tion. Howevw, light emerging from the cavity in
the position of the l-opf bifurcation points At in injection locking and the competition between the unwanted polarization will be much closer
the parameter plane (x, &). The boundaries the target mode and the dominant free-running to threshold (above or below) and will have a

mode. The field-noise spectra are obtained from larger relative noise component.t Hence, as the
•Dq01fflWvd if phra. or Mawr C .le, Bryn Mawr the time-dependent solution by a fast Fourier attenualor reduces the optical power and the

0is011 19010. transform algorithm, contibution of the quieter polarization field, the
%/aarigowe ir Spe1n/opv Mrimzenr, USTt 1. 3%Ms We start by performing a small-signal analy- contribution of the noisier unwanted field is
.-Werm dvAcq, Frrei sis without the noise terms, which indicates that enhanced We thu- have the interesting situa-
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Comparison of the power generated by various heat sources. obtained by integrating local yields over
the respective layers. revals die Most importnt heat sources in IMe &eVice. In otras to edge-
emitting laser. the active-region beating dominates only a relatively small values of pumping current.
At large current levels, Joule heating in the P-AlG&As layer becomes the single most Imporat beat
source The awegate effect of Joule heating in all layers is the domtinant beat source over t entire
curret tange considered (21th - Qi)

We have also investigated the, effect of changing various structural parameters on thermal behavior of
etched-well VCSELs. It will be showyn that excessive heating can be reduced substantially by simple
technological improvements in the device design.

MICROSTRUCTURE OF lnAsxSb,..x INFRARED DEVICES
S. Chadda. A. K. Datye. Department of Chemical Engineering, University of New Mexio.
Albuquerque. NM 87)31 .ndL. R. Dawson. Sandia National Laboratories, Albuquerque. NM 87185.

Ill-V allo devices are being considered for applications as infrared detectors, by several research groups
due to processing advantages over Il-VI alloy devices InfbASb3.6 has tie lowest band gap at 77 K
among all luI-V compounds, which corresponds to a cut off wavelength of 9 jPn. The use of srzained
layer superIxtices (SLS) was first proposed by Osbouml for lowering the band gap and achieving
absorption at wavelengths greater than 12 pm at 77 IL Devices wene grown by Molecular Beam
Epitaxy (MBE) and consisted of a p-n junction embedded in a InkszSbi.x/lnSb SLS with layers of
equal thickness. The active device SLS was grown on a composition graded strain relief buffer on
(100) face of InSb substrates. The samples were sliced, thinned, polished, dimpled and ion milled for
making cross-section Transmission Electro Microscope (MEM) samples. This paper will discus
various types dislocations nucleating due to misfit strain in this system. Further it will correlateth
growth conditions with dislocation density, type of dislocations, and electrical properties of the device.

1G. E. Osboum. J. Vac. Sci. Techno B (1914) 2 (2). 176.

DISTRIBUTED-FEEDBACK G aAsIAlGaAsIAIAs VERTICAL-CAVITY SURFACE-
EMITTING LASER WITH RESONANT-PERIODIC-GAIN ACTIVE REGION
Mohammad Mahbobzadeh. Emmanuelte Gandjbakhch, Eric A. Armor. gang Zheng. Shang-Zu
Sun. Christian F. Schaus, and Marek Osinski, Center for High Technology Materials, University of
New Memco, Albuquerque. New Mexico 87131-M]8.

Dramatic progress in vertical-cavity surface-emitting lasers (VCSELs) achieved over the last two years
brought forth a variety of novel device structures. Significant new concept, resulting in gain
enhancement along the vertical direction, was the. replacement of a bulk active region with thin (single-
or multiple-quantum-well) layers in a carefully designed Bragg resonator such that the active layer
would coincide with an antinode, of laser radiation. VCSELs with a single active region satisfying this
resonant condition arm often called microlasers. A gergralization of the microlaser concept. consisting
in extending its active region to multiple layers separated by half-wave. spacers. results in distributed-
Bragg reflector resonant-periodic-gain (DBR-RPO) lasers The most recent advance in RPG laser
structures is a distributed-feedback resonant-periodic-pain (DFBRPG) VCSEL, where an RPG active
region is intercalated with the multilayer high reflectiors (MM{R). The new design eliminate$ t need
for end reflectors in DBR-RPG structures and reduces the toa thickness of die device, while retainung
all characteristic features of RPG medum.

Our furs DFB-RPG VCSEL laser has been fabricated by MOCYD in a single growth cycle. The
structure, designed for operation at n - I subband transition, consists of a stack of 10-nm thick GaAs
single quantum wells separated by halfwave AlAs/A10.150ao.g5As spacers. The total device thickness
of the DFB-RPG is -5.5 pm. For the sake of comparison, a DBR-RPG la with the same
cumulative active medium thickness and MHR reflectivities would be almost two times thicker (-10.5
pmn). A direct consequence; of shorter cavity length is increased longitudinal mode spacing. Comparedl
to an equivalent DBR-RPG device, a rmarukable difference betwto the two structures is the absence of
any side modes within the entire high-reflectivity band of the DFB-RPG lase.



18 "

The as-grown wafers were optically excited using the 740 nn line of Ar.lon-pumped dye law, with the
pumping beam diameter of 10 pm. Even though no heat sink was used. the cw output power of 7 mW
s considerably higher than that obtainable from single-quantun-well microlasers, while t is

comparable to that of DBR-RPG devices.

BROAD.AREA MODE-COUPLING MODEL FOR CARRIER-GUIDED DIODE
LASER ARRAYS
Marek Osirsk'* and Chung-Pin Cherng, Center/or High Technology Materials. Univer tiy of New
Mexico, Albuquerque, New Mexico 87131-6081.

The objective of this paper is to demonstrate suitability of a broad-are, mode-coupling approach to
describe modal poperties of crrier.guided semiconductor laser arrays. The supermode theory often
adopted to explain modal behavior of phased aray lasers is suitable only for idex-guid arrays. since
it requires a basis of individual wavegulde modes. For carrier-guided arrays, with no built-in lateral
variation of refractive index, such approach fails to predict correctly the number of system modes and
their relative gains. h is more appropriate to treat the carrier-dd array as a perturbed broad-am
laser, since the number of lateral modes is not limited in this case by the number of wray elements.
Recently, a simple model of carrier-guided arrays was proposed, based on the standard perturbation
theory. It assumes an infimite loss outside the active region and ignores differences betwe= modal
gains of all the unperturbed (broad area) modes, claiming that these simplifications would not affect the
results significantly. In this paper, we show that either of these assumptions has important
consequences on the calculated modal gains for the army modes.

Rather than using the perturbation theory, we follow the coupled mode formulation, but with a basis of
broad-area modes instead of individual waveguide modes. An active broad-ama waveguide is considered,
with the gain-index coupling as well as spatially averaged temperaur effects included. The
perurbation due to army structure is assumed in form a raised sinusoidal modulation of permitivity.
with gain maxima at stripe centers. A smooth half-period cosine profide of temperature is also included
in the perturbation.

As an example, we consider a 10-stripe GaAs/AlGaAs carrier-guided array similar to commercially
available devices (SDL-2410C. 6-prn stripes on 10-prm centers. multiple-quantum-well active region).
A comparison of the present theory with earlier simplified perturbation analysis conesponding to a
limit of very high loss and constant reveals that the previous treatment is unreliable in predicting the
modal gains of high-order array modes (mode number larger than the number of emitters). It should be
emphasized that these high-order modes usually dominate in carier-guided arays, hence precise
knowledge of their modal gains is very important in considerations of mode ordering and mode
suppression schemes.

Our results reveal that earlier agreement between the simplified model and experimental observations
was fotuitous. On the othwr hand. broad-area coupled-mode theory can contribute to improved
understanding of array laser behavior and constitutes an important design and interrtation tool.

OPERATOR ORDERING IN EFFECTIVE-MASS HAMILTONIAN FOR
SEMICONDUCTOR SUPERLATTICES AND QUANTUM WELLS
Mohammad Moiahedie* and Marek Osinsa'k. Center/or High Technology Materials, University of New
Mexico, Albuquerque, New Mexico 87131-608).

In recent years, effective-mass theory has been used extensively as a computational tool for determining
clc.;tronic states and other properties of abrupt heterostructures, superlattices. and quantum wells. It has
been recognized that application of the effective mass theory to abrupt interfaces between different
materials suffers from ambiguity in kinetic energy operator ordering. caused by non-van hing
commutator of the momentum operator and the position-dependent effective mass m(z). This leads to
non-uniqueness of Hamiltonian, which in its general form can be written as
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Abstract

Distributed-feedback resonant-periodic-gain surface-emitting lasers are pumped opti-

cally. The output power of 8.S W over 7 ns puisewidth with power conversion efficiency

of 10.5% is achieved. This corresponds to a record peak-power density of 4.5 MW/cm2.
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Vertical-cavity surface-emitting semiconductor lasers (VCSELs) are very attractive

for applications in optical computing, image processing, free-space communications, and

high-power two-dimensional arrays. Conventional VCSELs with bulk active regions

suffer, however, from low external efficiency and consequently low output power. The

primary reason for their poor performance is the competition between the desirable ver-

tical emission and parasitic amplified spontaneous emission (ASE) in the transverse di-

rections. In order to reduce the lasing threshold and suppress the ASE, two concepts of

VCSELs with quantum-well (QW) active regions have been pursued in parallel a reso-

nant-periodic-gain (RPG) structure, with multiple active layers spaced at half the wave-
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length of a selected optical transition -2 , and a microresonator structure3 , with a single

QW placed in a Bragg resonator. Both designs achieve gain enhancement in the vertical

direct'on by aligning the active regions with the maxima of the longitudinal mode pat-

tern et the emission wavelength. Recently, a new distributed-feedback (DFB) structure

for RPG VC-SELs has been proposed 4. In that design, illustrated in Fig. 1, the QW ac-

tive regions are interspersed within a stack of quarter-wave layers that form multilayer

high reflectors (MHRs). The new design eliminates the need for end reflectors in the

previous RPG structures and reduces the total thickness of the device, while retaining

the characteristic features of RPG medium (gain enhancement in vertical direction,

wavelength selectivity, ASE suppression, etc.).

Our DFB-RPG VCSEL GaAs/AIGaAs/AIAs laser was fabricated by MO-CVD. The

device consists of a stack of 10-nm thick GaAs single quantum wells separated by half-

wave AIAs/Alo.1 sGao.ssAs spacers. The whole structure contains 42.5 periods, of which

24 are at the GaAs substrate side and 18.5 at the top. Calculated reflectivities of the

lower and upper reflectors, separated by a half-wave Alo.IsGao.&sAs phase shifter, are

99.76% and 99.56%, respectively. The output light is collected through the top reflector.

The total thickness of the structure described above is -5.5 pm. For the sake of

comparison, a distributed Bragg reflector (DBR) RPG laser with the same cumulative

active medium thickness and MHR reflectivities would be almost two times thicker

(-10.5 pm).

The as-grown wafers were optically pumped through the top mirror. Under cw

conditions, thermally limited output power of 6.7 mW was obtained with 10-pm diame-

ter of the pumping beam. A Q-switched pumped dye laser operating at 740 nm was used

for high-power pulsed pumping. Fig. 2 shows the input/output characteristic for pulsed

conditions (7 ns pulse duration, 10 Hz repetition rate). The efficiency of conversion of
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the estimated absorbed pump power into the lasing output emitted through the top sur-

face was -10%. Using a measured lasing spot size of -16 jm, the maximum peak output

power of 8.5 W corresponds to -4.5 MW/cm 2. It is approximately one order of magni-

tude higher than the maximum power density obtained from DBR-RPG lasers under

similar pumping conditions.

In conclusion, DFB-RPG laser structure is very promising for high-power applica-

tions. While the total device thickness is comparable to that of a microlaser, a multiplic-

ity of active layers results in a record-high pulsed output power. Preliminary data ob-

tained on optically pumped bare wafer DFB-RPG samples without any heat sinking il-

lustrate the tremendous potential of these devices. To our best knowledge, the peak

power density of 4.5 MW/cm 2 is the highest ever reported for any semiconductor laser.
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Figure Captions

Fig. 1. Schematic illustration of the DFB-RPG layer structure, corresponding intensity

distribution of resonant mode, and refractive index profile. Thick lines (A)

represent high-index quantum-well active layers, unshaded regions (B) - in-

termediate-index quarter-wave spacers, unshaded region C - half-wave phase

shifter, shaded regions (D) - low-index quarter-wave spacers. Ar - resonant

wavelength.

Fig. 2. Input/output energy and powe.-density characteristic of the DFB-RPG laser

pumped by 7 ns pulses at 10 Hz repet;tion rate.
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I ABSTRACT

I Low-threshold bistable optical elements and saturably absorbing switches are possible using excitonic

I absorption in multiple quantum wells spaced by one-half the optical wavelength. For GaAs/AIGaAs;

etalons with twenty 10-nm quantum wells, thresholds may be as low as 18 W cm-2.
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SUMMARY

Optical bistability (OB) in passive nonlinear etalons such as those containing multiple quantum wells

(MQW) of GaAs/AIGaAs is a promising alternative to other bistable optical switching mechanisms such

as those which occur in semiconductor lasers and laser amplifiers [1]. Although OB in passive nonlinear

etalons is somewhat slower, it is much more easily extendable to one- and two-dimensional arrays of

switches. To realize this advantage, it is necessary to minimize the switching thresholds and optical

absorption (and hence the power dissipation) in the MQW etalon. Following an approach which has

already proven successful in reducing thresholds and increasing power efficiencies of vertical-cavity

surface-emitting semiconductor lasers (VCSELs) [21, here we consider a resonant periodic absorption

(RPA) device, consisting of an etalon enclosing several absorbing layers - ideally single quantum wells or

closely-spaced groups of quantum wells - spaced one-half wavelength apart and positioned so that they

align optimally with the antinodes of the standing wave optical field in the etalon.
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We have analyzed the GaAs/GaAIAs RPA structure numerically using a wave propagation model in a

thin-film matrix formalism 131. The spacers are assumed to h.ve constant indices, the unsaturated QW

absorption at0 follows the semi-empirical description of Chemla er al. [41, and the excitonic features

saturate according to the simple rule a(I) = a 0/(1 + i/iUt). In contrast to the situation where optically-

pumped lasing occurs, here the spacers are non-absorbing and the input optical beam(s) for holding and

switching are tuned close to the heavy-hole excitonic absorption peak in the quantum wells. As in the

VCSEL, significant excitation of the quantum wells occurs primarily along the cavity axis and at the

design wavelength, reducing the switching threshold. Figure 1 shows calculated optical input-output

characteristics for a GaAs/GaAIAs RPA bistable switch with twenty absorbing layers (single 10-nm

quantum wells) and different end reflectivities.

Comparison between resonant and non-resonant MQW absorbing switches shows that switching

thresholds may be reduced by up to a factor of three when optical half-wave periodicity is introduced.

This reduction, together with the low background absorption of the RPA structure, should enable

efficient arrays of bistable optical switches to be constructed.

We acknowledge financial assistance from the US Air Force Rome Laboratory, Hanscom AFB and from

the Air Force Office of Scientific Research.
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Abstract

The magnitude of the subband-edge shift between the extreme cases of effective-

mass operator ordering is shown to depend substantially on superlattice/quantum well

parameters. Comparison with experimental data leads to a Hamiltonian consistent with

earlier microscopic calculations.
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In recent years, effective-mass theory has been used extensively as a computational

tool for determining electronic states and other properties of abrupt heterostructures, su-

perlattices, and quantum wells. It has been recognized1 -3 that application of the effective

mass theory to abrupt interfaces between different materials suffers from ambiguity in

kinetic energy operator ordering, caused by non-vanishing commutator of the momen-

tum operator and the position-dependent effective mass m(z). This leads to non-unique-

ness of Hamiltonian, which in its general form can be written as4
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H - -h [m(z)r V [nM(z)P V [m(z)]" + V(z),

with 2a + 1 -I. Corresponding with this one-parameter family of operators, the

matching conditions for the envelope wave function V(:) and its derivative V"(z) are also

parametrized, with continuity of [m(z)]*,(z) and [m(z)]? d{[m(z)] 0*(z))/dz at the inter-

faces2 .

The values of ck and P can in principle be determined by comparison with micro-

scopic theory. 3 or experiment s . Yet, while theoretical considerations indicate that only

p- - I (o - 0) is consistent with microscopic treatment2 ,3, Fu and Chao reported s that

experimentally observable interband transition energies are not sensitive to the choice of

p. In this paper, we resolve this apparent controversy by demonstrating that, contrary to

Fu and Chao's assertion, the interband transition energies do vary substantially with p.

Comparison with available data confirms that the choice of . - -1 provides the best fit

with experiment.

Specifically, we have analyzed GaAs/AlxGal.xAs superlattice and quantum well

systems using the transfer matrix technique$. The results show that an increase in sub-

band-edge energy within the conduction band is approximately linear with p (- < p <

0). We have also investigated the effects of superlattice parameters, such as subband in-

dex, thicknesses of both constituent materials, and barrier height (composition) on the

shifts of subband-edge energy, between the two extreme cases of p - -I and p - 0. As

shown in Fig. 1, calculated energy levels are more sensitive to the choice of 6 for higher

subbands. Even for the lowest-order subband, the effect gets substantially stronger with

decreasing well thickness (Fig. 2). Increasing the barrier height or thickness will also

result in a larger shift of the lowest-subband-edge energies (e.g., 33.5 meV for x - 0.4

barrier vs. 15 meV for x - 0.25 in Fig. 3), thus in general the effect is stronger in
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quantum wells than in superlattices.

Having determined that the choice of 0 can manifest itself in substantial shifts of

transition energies, we have attempted to fit various experimental data available in the

literature. In all cases we arrived at the same conclusion, namely that P - -1 fits experi-

ments better than any other value of P within the range -1 < P :s 0. Therefore, we con-

clude that the correct choice for the kinetic energy operator, consistent both with ex-

perimental data and the microscopic theory, is p =
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Figure Captions

Fig. I. p-dependence of the subband structure in a GaAs/Alo.2sGao.7sAs superlattice

with the well width d, a 150 A and the barrier thickness d2 = 25 A, calcu-

lated for three lowest subbands.

Fig. 2. p-dependence of the lowest-subband structure in GaAs/AIO. 25Gao.75As superlat-

tices with d2 - 25 A, and d, - 150 A (solid lines) or d - 25 A (broken lines).

Fig. 3. p-dependence of the lowest-subband structure in GaAs/AlxGa.xAs superlattices

with di - 30 A, d2 = 25 A, and x - 0.25 (solid lines) or x - 0.4 (broken lines).
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The &s-grown wafers were optically excited using the 740 nmline of Ar-ion-pumped dye laser, with the
pumping beam diameter of 10 pm Even though no heal sink was used. the cw output powr of 7 mW
is considerably higher than that obtainable from single-quantum.well micgolasers, while it is
comparable to that of DBR-RPG devices

BROAD-AREA MODE-COUPLING MODEL FOR CARRIER-GUIDED DIODE
LASER ARRAYS
Marek Osiski" and Chung-Pin ChernS. Centerfor High Technology Maaria. U niversity of/ ew
Mexico. Albuquerque. New Mexico 87131.6081.

The objective of this paper is to demonstrate suitability of a broad-area mode-coupling approach to
describe modal properties of carrier-guided semicondor la rrays. The supenode theory often
adopted to explain modal behavior of phased a-ay lasers is suitable only for index-guided arays, since
it requires a basis of individual waveguide modes. For carner-guided arrays, with no built-in lateral
variation of refractive index, such approach fails to predict correctly the number of system modes and
their relative gains. h is more appropriate to treat the caner-guided array as a perturbed broad-area
laser, since the number of lateral modes is not limited in this case by the number of array elements.
Recently, a simple model of carrier-guided arrays was proposed, based on the standard peitation
theory. It assumes an infinite loss outside the active region and ignores differences between modal
gains of all the unperturbed (broad area) modes, claiming that these simplifications would not affect the
results significantly. In this paper, we show that either of these assumptions has important
consequences on the calculated modal gains for the may modes.

Rather than using the perturbation theory, we follow the coupled mode formulation, but with a basis of
broad-area modes instead of individual waveguide modes. An active broad-am waveguide is considere
with the pin-index coupling as well as spatially averaged temperatur effects included. The
perturbation due to array sucture is assumed in form a raised sinusoidal modulation of permittivity,
with gain maxima at stipe centers. A smooth half-period cosine profile of temperature is also included
in the perturbation.

As an example, we consider a 10-snripe GasAIGaAs carier-guided array similar to commercially
available devices (SDL-2410C, 6-pm stripes on 10-pm centers, multiple-quantum-well active region).
A comparison of the present theory with earlier simpliried perturbation analysis corresponding to a
limit of very high loss and constant reveals that the previous treatment is unreliable in predicting the
modal gains of high-order array modes (mode number larger than the number of enitters). It should be
emphasized that these high-order modes usually dominate in carder-guided arrays, hence precise
knowledge of their modal gains is very important in considerations of mode ordering and mode
suppressioc schemes.

Our results reveal that cu-rier agreement between the simplified model and experimental observations
was fortuitous. On the other hand, broad-area coupled-mode theoy can contribute to improved
understanding of array laser behavior and constitutes an important design and interptetation tool.

OPERATOR ORDERING IN EFFECTIVE-MASS HAMILTONIAN FOR
SEMICONDUCTOR SUPERLATTICES AND QUANTUM WELLS
Mohammad MoieW e" and Morek Osinski. Cemer for High Technolg Material. Uniersit of New
Mexico. Albuquerqaw. New Me.dco 87)31.608).

In recent years, effective-mas theory has been used extensively as a comptational tool for determining
electronic states and other properties of abrupt heterostrucum, superlanices, and quantum wel t has
been recognized that application of the effective mass theory to abrupt interfaces between differnt
materials suffers from ambiguity in kinetic energy operator ordering, caused by non-vanishing
commutator of the momentum operator and the position-depndent effective mass in(z). This leads 1o
non-uniqueness of Hamiltonian. which in its general form can be written as



H - .tj2f 2 [m(z) V[,,mz))P Vim(z)) a+ V(z).
with 20 + p - -I. Corresponding with this one-parameter family of operators, the matching conditions
for the envelope wave function V(z) and its derivative y(z) am also pawaeze with continuity of
[m(z)ftz) and [n(z)IPd((m.z)oY z))/& i the interfaces.

The values of a and P an in principle be determined by comparison with m icsc*c themy or
experiment. Yet, while theoretical consideradons indicate that only p u -I (a 0) is consistent with
micrcopic treatment, there have been reports that experimentally observable interband transition
energies are not sensitive to the choice of A. In this paper, we resolve this apparent controversy by
demonstrating that4 contrary to earlier claims, the interband transition energies do vary substantially
with p. Comparison with available data confirms that the choice of p=. provides the best fit with
expeiment.

Specifically, we have analyzed GaAs/AlxGal.1 As superlattice and quantum well systems using the
transfer marix technique. The results show that within the conduction band a subband-edge energy
shifts approximately linearly with P (-1 I A 0). We have als investigated the effects of superlanice
parameters such as subband index, thicknesses of both constituent materials, and barrier height
(composition) on the shifts of subband-edge energy, between the two extreme cases of A = -1 and I =0.
Calculated energy levels are more sensitive to the choice of A for higher subbands and for decreasing
well thickness. Increasing the barrier height or thickness also results in larger shift of subband-edge
energies.

SURFACE NORMAL SECOND HARMONIC GENERATION IN
PLZT AND GaAs THIN-FILM WAVEGUIDES
L C. Zou, K. . Malloy and A. Y. Wk. Center/or High Technology L erials (CHTM). EECE
Building. The University of New Mexico, Albuquerque. New Mexico 87131-6081.

We compare SHO in P.LZT and GaAs thin-film waveguides. PLZT should offer higher conversion
efficiencies and interaction with other optoelectronic devices. However, the difficulties presented by the
polycrystalline structure of PLZT films need be examined fcr PLZT based devices.

Our waveguide structure requires the interaction of two counterpropagating laser beams to emit the
second hannonic from the surface. The single crystal LiNbO3-and GaAs-based structures have been
studied previously. It is possible to deposit PLZT thin flms with c axis (001) normal to the surface
and with the a (and b) axes of the polycrystallites randomly oriented in the plane. Assuming such a
microstructual model, our calculations show the second order nonlinear polarization for emission from
the surface is present only when one of the incident laser beams is TE and the other is TM. P20, the
source of the nonlinear output is independent of the orientation of the grains in the waveguide plane.

P21 - d 1sE 1 E21Y.

This result implies that. except for scattering losses at grain boundaries, a polycrystaline PLZT
waveguide will have identical properties to a single crystal wuctie

We report on these considerations for P.ZT and compare them with our experimental results on single
crystal GaAs-based structures. The technological advantages of GaAs and the dilficulties encountered
with PLZT will be discussed.

MICROSTRUCTURE AND ELECTRICAL PROPERTIUS OF R.F. SPUTTERED
BAItIUM TITANATE FILM ON SILICON
Bi-Shiou Chiou" and Jenq- Jiang Institute of Electronics, Natonal Chiao Tung Unversity, Hsinchu,
Taiwan.



I // Meeting Program

Third Annual Symposium on
Ceramics and Advanced Materials

I~i t 0;~4;c;

.......................
Albuqerqu ,,~ Ocoe 242,19

Sp~nSOed by-
The ew MxicoSectons f th

thyattral Reec Hoctey



Wedrsesday. November 6, 1991 OSA Annual Meebri / 113

the spatial frequency domain. For light nomninally investigated the effects of quantum well
incident at the Bragg angle. this transfer function Parameters, such a subband index, ihicknesses otW H 8:0m ONIG may be drvdby Fourier transforming the both constituent materials, and barrier heightW H :3om M RNI pa illwae euaton n te peseceof usreraic- (composition) on the shifts of subband-edge eam-

Fairmont Regency I tio terms. Estimation of spatial randomness is Sy. between the two extreme cases of operar

optical Materials not possible to calculate assuming plane wave ordering. Calculated energy levels are more ses-
M. las, A&T dlillumination since one cannot monitor transverse sitive to ordering for higher subbands and for

Alastair MGlsA& Belfluctuations along its wavetront. By using first- decreasing welt thickness. Increasing the barie
Laoratories. Presider order approximation. the temporal and spatial height or thickness in coupled quantum wells win

-noise ratios are obtained. Their dependence on also result insa larger shift of subband-edge ener-
reading time, reading beam intensity. grating ties. Comparison with available data ilows us to
spacing. and temperature are predicted. choose the ordering that provides the best fit to

WVHI Stimulated emission and WH Self-trapped exciton I. -0. T. Elnevoll, P. C. Hemmer. and J. Th1orn
lasing studies of wide gap enhanced photostructural smt. Phys. Rev. B 42.3485(o990).
N.-VI compounds using trnsfori'ton In AsSe 2. Y. Fu and K. A. Chao. Phys. Rev. B 46
optical excitation fiber glass 8439 (19t

X. H. Yang, J. Hays. W Shan, and J. 1. Song A. W Schmnid, M. Kiln, I. Cerqua. and W. 9:30am
Qldahomra State Univsily, Deprtment of D. LaCowrse WHS4 Nonlinear optical
physics, slftswtr Oklahowt 74078 University ofochester, LAser Energetics characteristics of two-
Samulawd emission and lasing effects of bulk Laboratory, 250 E. River Road, Rochester, New wave mixing In lnP:Fe
ZaiLe samples. grown by physical vapor-phase York 14623
transport technique and MBE epilayers on GaAs Arsenic chaicogenide glasses tor IR fiber an dt photorefractive crystals
substraes were investigated (usinga 10-rn pulsed storage uses exhibit photoinduced structural Yang Zhao, Qingfeng Tang, and Zhaolin ii
lase) in t frequency as well As in the time trnfrain when irradiated by below-band. Mynte Slate University, Departnmt of
domain. For lasing studies, a laser cavity was gap light. We demonstrate that these transform&- Electrical & Computer En~gineering. Detroit,
formed by cleaving the sample's two parallel tions are enhuanced by irradiating at a self-trapped Michigan 48202
facets with the cavity lengths of a few hundred exciton (STE) resonance wavelength. Rayleigh F
microns. The cleaved edges were not subjected so and Raman signals show that STE decay leads to . C:F photorefractive crystals are attractive

refectve oaing. Te asig tresol desites instabilities among metastable structural states in Mater ials for optical information processing due
were found to be surprisingly low; -7 kW/cmz for bulk glass. With time constants of the order of totheir fast response time and relatively high

moe ofpl wihacvth lers f0 wem. clel seconds. these instabilities may switch abruptly tilittearity. In this work we investigate two.
reolved.a Smoltd esio at bothr wer clearl into states of increased order. By varying th wave mixing in these crystals as a function of
rlog tia e msina oh1 n 0 light intensity, beam intensity ratio. and external

K wasobseved. he simulaed eissio was relative concentration in these binary compounds. ~ i
evwaben ed .by he sta lawigefd emis- a we control the availability of the initial STE form- exerimfelintsesi.2 2 Th 3rsa nunswit iniow

eviened y higl speta nrroing depeene i ofte 'hs measurements provide evidence exrintwa21x.3x3unih cdm
Sio paL hehihlysueriner epndeceof tng htinue trcua transformations in direction <1l10 normal to the 2-5 x 3-mm face.

the output signal on the pumping power density. arei selends occur at 1-3 W/cm2 irraiation The laser wavelength is 1.06 prm. In addition to
aNd ft narrowing of the temporal profile under levels. the energy transfer between the beam we ob.
high excitation. The gain values were measured served the bean path deflection effect in Ohe
by the variable excitation length mthd.I The " crystal inourexperiments. Thecamouniof the pat
effect of the pumping photon energy on the stimu- deflection depends on the input intensity levels.
lated emission at room temperature was inves- WH4 Effects of operator A change in the angle between the interaction

tiae.ordering In effective-moss beam by 2.4' was observed without external
A comparison between the bulk and MBE Hamiltonian on transition electric field on the, crystal. In addition,. we ow

samples is made and the physical mechanism energies In semiconductor seredthe energy rasferfrom the wptosignal
involved is discussed- with pump-to-signal intensity ratios >>I.

quantum wells We also found that the nonlinear effects of the

5,45gm Mohartmrad Moialied ie and Marek Osinski crystal depends on the exposure time of the crys-
WH2 Noise performance Of University of New Mexico, Center for High Wd 10 the laser and illumination light.

photorefractive crystal Technology Maerials, Albuquerque, New :m
holograms Mexico 57131-W08Bemdamtrthehl

Q WngSon, arha Brbeje, nd t asbeen reogize that useof eefctv o hoonueQ. Wang Song. Faiths ~mass theory for abrupt interfaces between dif- frpoonue

Weanlye h tmpra adspatial nature of th operator and the position-dependent effective D.W Vlsoni E N. Glytsis. N. F iarman.
difricedlgh fom2phOtOrefractive volume mass. This leads to nonuniqueness of the Hamil- and T K. Gaylord

holgrm nde te nflene f eecroic oie tonian, which in its general form can be written Georgia inst it ute of Technokogy Schoo ofIin The material. Because of this noise, the as a one-parameter family or operators.' Ther Electrical Engieerig avid Microelectronics
hoclographic grat ing within the crystal is not strct matching conditions for the envelope wave func- Research Center, Atlanta, Georgia 30332
ly periodic. in other wods it has rado lum- tin anid its derivadve at t interfaces are a-l4, Phlinduced polarization conversion is a form
tions in both amplitude And period. Gaussian parametrized. Recently. Fu andl Chao rep~orted of optical damagei ib3 aeul

b=illumination at the nominal Btagg angle is that experientally observable inteptiend orni eie!I an atep in Libete wveudtis
assume&- The reaso for this choice is that we can tion energies are not sensitive to the effective- phenomenon. we have studied the effect in bulk
now evaluate n" only the temporal statistics in mass operator ordering. In this paper, we LiNbO5t:Fe. In this work, we have observed near-
the diffracted liglt,. but also its spatial randomn- demonstrate tha optical transition energies do ly complete ordinary-iteraordinwy polariza-
ness. This quantitative evaluation achieved vary substantially with ordering. Specifically, we tion conversion in LiNbOI:Fe for input ordinary
throuh defining a system transfer function that have analyzed OsAs/AIG&As quantum wells beam diameters greater than -200 im and no
relates the output diffracted light to die input in using the transtee matrix itchnique.2 We have po(larzton conversion for beam diamters; less
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HEAVY-HOLE EFFECTIVE MASS IN InP - A CRITICAL EXAMINATION

Marek Osifski

Department of Electronic Engineering. University of Tokyo. 7-3-1 Hongo. Bunkyo-ku.
Tokyo 113, Japan

Permanent address: Center for High Technology Materials, University of New Mexico.
Albuquerque, New Mexico 87131

ABSTRACT

The abundance of grossly inconsistent estimates for the heavy-hole effective mass in InP,
quoted throughout the literature, clearly demonstrates a pressing need for a comprehensive
evaluation and for reaching a consensus on this issue. A critical survey of existing theoretical
and experimental results is presented, and the most trustworthy data are selected.

1. INTRODUCTION

In spite of intensive studies of InP and related materials, prompted by a widening range of
their applications, there remains a number of important parameters on which no consensus exists
as to what should be their values. Such is the case of the heavy-hole effective mass mvi, ap-
parently one of the poorest established parameters in InP. Growing technological importance of
InP is in the longer run irreconcilable with the confusion that reigns in the literature. A large
amount of conflicting theoretical or rough experimental estimates stands in sharp contrast to the
scarcity of reliable experimental data, and no conclusive evaluation seems to be agreed upon
(see, for example, Refs. [1-4], where myl ranges from 0.39 mo to 0.85mo. with mo denoting the
free-electron mass). The degree of difficulties encountered in attempting to make a rational
choice is also illustrated in some compilations of InP properties whose authors would decide not
to quote any value of the heavy-hole mass whatsoever (see, for example, Ref. [5]). At least par-
tially, the continuing confusion can be attributed to rather arbitrary selection of an earlier result
without a careful assessment of other available data. This is regrettably reflected in many recent
books and monographs. To give but a few examples, in addition to Refs. [1-4]: (i) Harrison [6]
quotes mlilmo in InP to be 0.85, the value obtained theoretically by Lawaetz [7] (and misquoted
as an experimental result), while (ii) Wiley [81 believes that a reasonable value is 0.65, i.e. a
middle value between theoretical estimates of [7] (0.85) and [9] (0.50), and (iii) Pearsall [10]
gives preference to an experimental evaluation of m,1 by Leotin et al. [11] (0.56), in the same
instance ascribing it mistakenly to experiments of Rochon and Fortin [12].

As the technology of InP-based optoelectronic devices matures, precise knowledge of 071, 1

becomes critical. Due to their large density of states, heavy holes play a dominant role in optical
transitions. In addition, the effective masses in multi-component alloys, and notably in
InGaAsP, are usually estimated from interpolation formulae which rely on the corresponding
values in the constituent binary materials. It is the objective of this paper to present a system-
atic survey of existing data on m,, in order to select its most plausible estimate.

2. HOLE-MASS DEFINITIONS

The valence bands in Ill-V compounds are warped from spherical symmetry and it has been
shown that, depending on the method of measurement, heavy-hole mass values ranging from
0.17too to 0.87mo are theoretically possible for InP [13,14]. It is therefore important to use either
the same type of effective mass or the same set of band parameters when comparing different
theoretical predictions and experimental evaluations. We choose the Dresselhaus valence band
warping parameters A, B, C2 [15] as a basis for comparison between various results.

The shape of the valence bands near the r point in III-V compounds is given by the fol-
lowing approximate formula [8]

E(k) - (A/2mo) (Ak2 : [B2 4 + C2(k. 2ky2 + ky2k,2 + k, 2k, 2)]l) .(1)

The upper (lower) sign refers to the heavy- (light-) hole band. Eq. (1) was derived for semicon-

330
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ductors with a diamond structure 115]. The lack of inversion symmetry in the zinc-blende lattice
introduces additional linear k terms, but it was shown that their effect is extremely small (16].

Eq. (1) can be used to express the effective masses mvi[100, m,4l 111 along (1001 and ti1l]
directions, as well as the density-of-states and conductivity masses mdvi and mcvl, in terms of
parameters A, B, and C2 117). Note that i - 1 (2) indicates the heavy- (light-) hole band.

3. THEORETICAL EVALUATIONS

Table I contains a survey of theoretical and experimental evaluations of A, B, C3, together
with corresponding values of mvi 100], m4I[l II], mdvi and mA-. For the sake of conciseness, the
reader is referred to [171 for details on how the values given in Table I were obtained when
conversion from other parameters or corrections of published results were necessary.

Table I

WARPING PARAMETERS A, B, Cz AND VALENCE-BAND EFFECTIVE MASSES FOR I,1P ON THE
BASIS OF PUBLISHED LITERATURE

Density-or-states

Warping parameters Iteavy-hole mass Light.hole mass mass Conductiviy mas.

m.1[ 1001 n,, I I1l m.'(100l m.,(l U4. m_._ m.,:

A B C3 m, M. m, m. mM , me m Rd.

(a) Theoretical evaluations

7.54 4.76 35.10 0.36 0.60 0.081 0.075 0.49 0.077 0.45 0.077 9

3.26 5.07 62.13 0.31 0.69 0.075 0.066 0.50 0.069 0.43 0.069 138
8.13 5.81 26.13 0.43 0.62 0.072 0.068 0.54 0.070 0.51 0.070 20
5.75 2.78 27.4 0.34 0.61 0.117 0.101 0.49 0.107 0.44 0.106 21
6.28 4.16 39.49 0.47 1.32 0.096 0.085 0.85 0.089 0.67 0.088 7

6.61 4.50 25.44 0.47 0.80 0.090 0.084 0.65 0.086 0.60 0.086 Is
6.34 4.38 33.44 0.51 1.20 0.093 0.084 0.84 0.083 0.70 0.087 190

(b) Experimental determinations

5.04 3.12 6.57 0.52 0.63 0.123 0.118 0.38 0.120 0.58 0.120 Ii
5.15 1.88 20.89 0.31 0.52 0.142 0.119 0.43 0.126 0.40 0.125 12

* Corrected values, see Ref. [17].

The theoretical estimates of the valence band parameters assembled in Table l(a) are based
on the k.p perturbation theory [7,9,13,18], the pseudopotential approach [19], or combinations of
both [20,21]. The k.p method involves many parameters (energy gaps and momentum matrix
elements: that could in principle be determined empirically (16]. In practice, however, some of
these parameters are difficult to assess because of insufficient experimental data; consequently,
additional assumptions cannot be avoided.

Cardona [9] circumvented the lack of complete data on the energy gaps in III-V compounds
by estimating them from "equivalent* group IV materials. He assumed also that the covalent part
of the matrix elements joining the rsy levels with the rie, rls, and r, 2 levels had the same
value for all zinc-blende and diamond-type semiconductors. His approach was also embraced by
Kotodziejczak et al. (13,14], who updated the values of the aforementioned covalent matrix ele-
ments. The arbitrary assumption of constant matrix elements seems to be too crude since more
recent studies suggest a rather strong material dependence (7,221. Moreover, an early estimate of
the low-temperature principal energy gap Eo = 1.34 eV adopted in 19,13,14] differs considerably
from recent measurements where Eo - 2.42 eV [12].

The approach of Pollak el al. [201 is somewhat similar to that of [9] except that the energies
of states not experimentally available for group IV materials are estimated by solving pseu-
dopotential matrices. Also, the homopolar matrix elements of "equivalent" group IV elements are
no longer assumed to be constant, but are adjusted to obtain a good agreement of the calculated
bands with the ultraviolet-reflection and electroreflectance data. The same procedure is then
adopted to obtain the antisymmetric matrix elements for III-V compounds. However, it has been
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indicated that while such a procedure may well fit the overall band structure, it can still give
rather unsatisfactory values for the band-edge masses [7].

Lawaetz [7] developed a semi-empirical model to describe the variation of the matrix ele-
ments in different materials as functions of lattice constant and ionicity. There remains some
uncertainty in the value of his matching parameter P accounting for ionicity, although his
choice of P - 0.5 for InP appears to be a felicitous one, for his interaction energy Ep agrees
well with a subsequent experimental determination [22]. However, the energy gap between the
65v and r1s levels at 0 K (Eo - 5.10 eV), estimated by Lawaetz using a dielectric method of
Van Vechten [231, is at variance with the result of Van Vechten himself, electroreflectance
measurements, and pseudopotential calculations [19,24], which all fall between 4.44 and 4.78 eV.
The adjustment of Eo° in Lawaetz's theory would increase the anisotropy of the heavy- and
light-hole masses which already is much larger than reported in [I I].

Recognizing that the anisotropy of calculated heavy-hole masses was larger than indicated
by the then available cyclotron resonance data for GaSb, lnSb and ZnTe, Lawaetz [17] suggested
that his method may have given a wrong estimate for the magnitude of the G parameter which
describes the interaction between the ri 5v and r 12 states. Therefore, in his subsequent work [18]
Lawaetz treated G simply as fitting parameter, indeed obtaining a reduced valence-band
anisotropy. However, although smaller than previously (0s1 - "12L - [B2 + C2/3)1/ 2 - B1/2 = 0.43
instead of the former 0.68, where -12L, 'i3?" are Luttinger parameters), it is still substantially
larger than experimental value of 0.17 [11].

Bowers and Mahan (21] use the empirical pseudopotential method [24] to calculate the mo-
mentum matrix elements. The effective masses for holes are then found from the k-p theory of
115]. The reliability of their results seems to be rather doubtful since their approach fails to
predict a correct value of the energy gap for InP (1.10 eV instead of 1.42 eV), possibly because
effects of the atomic cores on the pseudowavefunctions were neglected.

The pseudopotential treatment of Chen and Sher [19) neglects the spin-orbit coupling that
has an important bearing on the values of valence-band effective masses. Moreover, their
masses deviate from a relation that follows from the k.p theory with no spin-orbit interaction
(see 117]), which raises some uncertainty regarding our extraction of the warping parameters A,
B, C from these masses. Thus the corresponding masses given in Table 1(a) (corrected for the
spin-orbit coupling) should be viewed with a. degree of reservation.

4. EXPERIMENTAL DETERMINATIONS

None of the theoretical approaches discussed above emerges as clearly superior to the others,
although our criticism of the results of Cardona [9], Kotodziejczak et al. [13,141 and Bowers and
Mahan [21] is stronger than that of the remaining three models. It should also be noted that all
averaged theoretical masses in Table l(a) differ significantly from measurements of [11] and
(12], especially in the case of light-hole masses. A large discrepancy between the experimental
data themselves creates however an impression that the accuracy of the hole masses derived
from measurements is perhaps not much better than that of theoretical methods.

Cyclotron resonance measurements of Leotin et al. (11] permit a relatively direct determi-
nation of hole effective masses, but the observed masses have to be corrected in order to obtain
bare band-edge values. The largest correction (-12%) is due to nonparabolicity of the light-hole
band which increases the observed light-hole mass. Another correction, which apparently was
not made in [II], would eliminate the effect of electron-phonon interaction on the observed
masses. However, since the magnitude of this correction (-3%) lies within the experimental un-
certainty, one can argue that it can be neglected.

A weak point of the experimental study of Rochon and Fortin [121 is that it involves a the-
oretical model in order to deduce the valence-band masses from interband magneto-absorption
data. In particular, an early value of the anisotropy factor [7) was assumed, hence the effective
masses of [12] exhibit much stronger anisotropy than the results of [II]. Moreover, interband
magneto-absorption measurements provide rather poor accuracy of deduced heavy-hole mass.
For instance, variation of electron and light-hole masses by less than 3% in the analysis of in-
terband magneto-transmission data changes the deduced mvi by 25% [25].

Apart from [I I] and 1121, no other experimental data on the heavy-hole mass in InP seem to
have been published since 1970. Early experiments prior to 1970 provided only very rough esti-
mates of the averaged conductivity mass mcv, derived from Hall mobility measurements. Analy-
sis of mobility data requires a number of scattering mechanisms to be included, which in turn
involves additional parameters of uncertain magnitude, such as the deformation potentials, ef-
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fective charges, etc. The wide range of effective masses derived from mobility measurements
(0.2 to I.Omo) illustrates how poor is the accuracy of any such estimate.

5. CONCLUSIONS

A comprehensive survey of theoretical and experimental data on heavy-hole effective mass
in InP is reported. The valence-band warping parameters A, B, C 2 are chosen as a basis for
comparison between various results. Experimental evaluation by Leotin et al. (density-of-states
heavy-hole mass of 0.58mo) is judged to be the most trustworthy among the existing data.

It is rather surprising that the only two experimental results on the heavy-hole mass in InP
published since 1970, date back to 1975. Despite growing technological importance of InP, little
effort seems to have been devoted to this particular issue. This paper illustrates that there is an
urging need for new measurements. We are now preparing for such measurements at the
Megagauss Laboratory of the University of Tokyo.
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The as growu wafers were optialy ecicted using doe 740 wm line of Ar-Ion-pumped dye law.r with the
pumping beam diamewe of 10 pam. Even though so heat sin was used, die eW outpu power of 7 mW
is considerably higher than that obtainable from single-quantum-well microlasems while It Is
comparable to that of DBR-RPO devices.

BROAD-AREA MODE-COUPLING MODEL FOR CARRIER-GUIDED DIODE
LASER ARRAYS
Marek Osinsk? and Chung-Pin ChernS. Center for High Technology Mown i. Lliwifty ofNew
Mexico. Albuquerque. New Mexico 87131-608).

The objective of this paper is to demonstrate suitability of a broad-area mode-coupling approach to
describ modal properties of canier-gulided semiuconductor laser arrays. The supermode theoy often
adopted to explain modal behavior of Owaed amy lasers is suitable only for indx-guded arrays, si=c
it requires a basis of individual waveguide modes. For carrer-guided arays. with no built-in lateral
variation or refractive index. such approach fail to predict correctly t number of system modes and
their relative gains, It is more appropriate to treat the carrier-guided ay as a pertwbe broad-area
laser, since the number of lateral modes is not limited in this case by the number of armay ements.
Recenty, a simple model of carrier-guided arrays was proposed, based on the standard penaWation
theoy. It assumnes an infinite loss outside the active region and ignores differences between modal
gains of all the unperturbed (broad area) modes. claiming that these, simplification would not affect the
results significantly. In this paper, we show thal either of these assumptioas has important
consequences on the calculated modal gains for the array modes.

Rather than using t perturbation theory, we follow the coupled mode formulatio. but with a basis of
broad-area modes instead of individual waveguide modes. An active broad-area waveguide is considered.
with the gain-index coupling as well as spatially averaged temperature effects included. The
perturbation due to array structure is assumed in form a raised sinusoidal modulation of permittivity.
with gain maxima at stripe centers A smooth half-period cosine profile of temperature is also included
in t perturbation.

As an example, we consider a 10-suipe OsAs/Al~aAs carrier-guided array similar to commuercially
available devices (SDL-2410C. 6-pmn stripes on 10-pm centers, multiple-quantumn-well active region).
A comparison of the present theory with earler simplified perlurbation analysis corresponding 1o a
limit of very high loss and constant reveals that the previous treatment is unreliable in predicting the
modal gains of high-order array modes (mode number larger than the number of emnitters). It shiould be
emphasized that thewe high-orter modes usually dominate in carrier-guided arrays, henc precise
knowledge of their modal gains is very important in considerations of mode ordering and mode
suppression schemes.

Our results reveal that earlier agreement between die simplified model and expffimental observations
was fortious. On the other hand, broad-area coupled-mode theory can contribu to improved
understanding of aray lasm behavior and constitutes an important design and interpretation tool.

OPERATOR ORDERING IN EFFECTIVE-MASS HAMILTONIAN FOR
SEMICONDUCTOR SUPERLATTICES AND QUANTUM WELLS
Mohammad Moiahe de' and Marek Osinski. Center for High Tchno logy Materials. University of/New
Mexico. Albuquerque. New Mexico 87)31-6081.

In recent years, effective-mass theory has been used extensively as a computational too for determining
electronic states and other properties of abrupt heterostructures, superlattices, and quantum wells. It has
been reconzed that application of the effective mass theory to abrupt interfaces between different
materials suffers from ambiguity in kinetic energy operaor ordering, caused by non-vanising
commutator of the momentumn operator and the position-dependent effective mass rn(z). This leads io
non-uniqueness of Ham iltonian, which in its general form can be writen as
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threshod for facet damage. The prinwy chat. Since optimal perfonmance in these devices is single far-field lobe operation. We trem the NAMg
keWg has been to maintain a coherent single sp- dependent on matching a lateral resonance condi- array as a composite cavity Consisting of a
1Wl mode a high power levels from a large lion, a new type of atiguided array bagsed On the wavetuide region in which parallel single.mbod
aperture device. For this reason multikelmn self-aligned stripe geometry has been pursued In wavesuides are coupled through evanmee
phatse locked arrays have been under develop- these structures. layers critical to obtaining the fields of guided modes and a uniform NAM see-
ment for over mi decade as a means of obtaining a resonance coniditioni (ie., passive guide layer) are lion that provides further coupling between in.
mrode stabilized device that can operate reliably grown planar dring a first phase growth. Design. dividual waveguidie modes via diffraction. The
at power levels in the range 0-5- 1 0W. fabrication, andl device chrce istc f these Cigenmodes of dhe waveguide section (super.

Monolithic phase-locked arrays have been devices ame discussed. modes) are calculated using the improved
studied for many years. To date the best approach copedmd thor. Mesuex ixn
for stable phase-locking to high powers is 2:15pm coefficients, determining mime cigermodes of the
resonant arrays of antiguides' (so called Row W84 Thermal fowUS"n ef f in composite cavity, are obtained by evahiaan the
arrays). ROW arrays have the unique property reflected image atthe interface between time
that full coherence and lateral -optical-mode galfl9Uled diode lase waveguiding and uniformn sections of the device
stability coexist. Results to date are: 0.5-W cw wrap using the 3-D diffraction integral. if the phase
diffraction- limited (DL) operation; 1 .S-W DL difference between light retuimn from the NAM
pulsed operation andl 5 W in a beam 3 x DL. Marek Cisinsi and Ch.iung-Pin Ch" ~ ~ section aid injected back into any particular
Reliable operation at Il-W cw power is expected UnimrsiIy of? KMMexco.Centler for High waveguide and its nearest neighbor is an integer
in the near future. Particularly attractive is die fact TchnokgyMdArials. Afrmuterq ut, New multiple of 2R. the in-phase supermode is rein-
dugt ROW devices do nt need active phase con- Mexico 8131-606 forced. On die other hand, a small variahion in time
tedl. In turn die devices' reliability is expected to Thermal effects in diode lawe arrays are known NAM-section length andfor die walveguide spac-
be high. Beyond I W. ROW arrays can be scaled to be importan for die array mode selection.' ing is sufficient to dramatically change die far-
in two dimensions withm the ultimate goal of> 10- Here, we examine in detail die role of active field. The performance of NAM arrays. is
W coherent power. region heating, considering a uniform ansti therefore, very sensitive to details of the

As for emitting facet passivation th.c approach GaAs/Al~aAs gain-guided array. The array is waveguide stuacthre.
is nonabsorbing mirror. It has been implemented regarded as a perturbed broad-area laser whose Refornme
by eich-and-regrowth diffusion-induced lattice modes are coupled via comiplex-permittivity per- 1. D. F. Welch. W. Streifer, R.1L Thornton,
disordering wid,. more recently. using SUIPtur- turbations induced by heating and injected car and T. Paoli. Electron. Les. 23.523 (1997).
based solutions prior to facet coating. Ailotimr niers. Array modes are determined using die 2. A. Hardy andl W. Streifer. J. Ughtwave
recent development is tim discovery that strained- copedmd theory Th thra perturbation is Technol. LTA4 90 (1986).
layer quantumt well InOasK3aAs/AtGaAs lasets taken as a half-period cosine with center value of
have virtually no initial degradatio% nd tha t AT. vanishing at te lateral claddins. When heat- Ap
emitting faceit damage threshold is 3-4 times that ing-induced waveguide nonuntiforrmity is sma:ll.
of Gas-active-layer devices. Passivating th the domian array mode is v a 10. Calculated WS6 Phaestockod multldlode
emitting facets will increase the reliable power temperature dependence of modal gain spectra lase beam combining
levl by a factor of 3 to 4.reveals diat with raising temperature, the highest- Cavity Optimized by
Rfrmnce gain mode shifts gradually fromn v- a10tov a 13. asymmerical design
I. D. 3otez eral.,AppI. Ptys. Lett.54.21:3 Thus, thermal focusing results in sequential ex-

(1919). citation of high-order modes with increasing Roger S. Putnam
pumping current. Calculated near- aid for-field Aeodyne Research, Inc., 45 Marnning Road,
pattern ftw AT- 4*C are in excellent agreement Ifldl.ic, Maumchusetts 01821

2:00pom with injection-seedinF experiments.' while
numerical simulations with AT - 10OC give Phase-locked laser combining system using in-.

WS3 Recent advanlces In somewhat narrower near fields for V to1. Thi tracavity hologram spatial filters, or beam split-
antigulded diode lase indicates dhat the active region heating may no es are shown to be mathematically equivalent

ofs"be as severe as previously thought. Sensitivity of and to proide strong phase-locking by providing
the high-order modes4 to thermal focusing can be a minimum loss for in-phase cooperation Our

L J. Mawst. D. Doez. M. Janseti S. Peter- used to establish die actual temperature mcu model accurately predicts the combinations of
son S, S, OuM. Sergant, T. J. Roth, and C. with goo accuracy. diode lae currents required by a multidiode laser

R~f. system to achieve threshold. This model also car-
TRW estrchCat~er! Sace ark R~owto I 0.R. adle. 3 P.Hohmer ai A.rectly predicts die parabolic increase in optical

TA m irc e~nter pc ar.Rd" .7 Own.R.Hd. . P.' Hoimr and A69. power emitted a the phase canceled port as a
Beaii, ~liorne 9278Owyung J. ppl Phs. 1. 697(197). function of the diode lasers' drive current im-

Resonang-opliC&I-waveguide (ROW) arrays we 2. G. R. Hadley. L. P. Hohimer, aind A. balance. The automatic phs adjstentsee1dwd
monolithic devices capable of radiating in a dif- Owyommig. WE J. Quantum Electron QE- for efficient powercollection. which are produced
fraction-limited beam to high output power 23.765 (1987). by small changes in thme optical frequlency. am
levels. These devices are attractive for many aw shown to be greatly augmented by increasing the

plcdn eas a moewr eie ih 2:3Op mismatch in cavity lengths aog the various
no0 active phase control required. that is. the inter-

pal ~ ~ ~ ~ ~ ~ ~ ~~W stutreo ieary ohcotos n ocsm ae selection In laoe ants of the compound cavity. This cavity

the phase of each emitter. In effect time ROW nonabsoobing-mirror diode pendent of pathlength chaniges along the laser
array operates as lateral DFB for spatial modes. I8sf Cffrys an. ArWa-tiawnasueamof dweseV-oc

Modal discrimination in these structures is aphseroisaosowtodca frnrw
complex process that involves several William E Thompson, Chung-Pin Cer spcas e vor also shontocrease for roan
mechatisa. (I) edge radiation losses, (2) modal and Mark 0srk lsetai bhvonadiceaefrbrab.
overlap with gain (gauni effect), wild (3) intier- Uiversity of New Mexico, CenIerfr High ai5
element losse. As expected. there is a tradeoff Technolog ~maias, Albuquerque. New
between low threshold high efficiency operation Mexim 8713-6M
and sitrong modal discrimination. However a Noasobn iirtf (NAM) (1aAs/AIGaAs ar-
demonstrated here. ighm pfon ecw oupera- rays mhave been shown to deliver thermafly limited
dons cans be obtained from optimized ROW-type owv output power a high a 2.4 W from a 100-pmn
devices. ROW ua ys with optimized facet coa- aprue Typically, thine devices operate in
lags operate in ar It-phaste mode with a diffhe- high-order awray mode with a double-lobe for
don tiedbeun upto500mWincw-ondtioe. fild. In this paper, we show thug with careful
Tilihi currmat we 270 iiA with efticiels design, the HAM macion can be utilized to favor
of 42% fOr a 1000-Pm long cavity.



7
1991
Optical Society of America
Annual Meeting

Summaries of papers presented
at the Annual Meeting of the
Optical Society of America

November 3-8, 1991
San Jose, California

1991 Technical Digest Series
Volume 17

CONFERENCE EDITION

Optical Society of America
2010 Massachusetts Avenue, NW
Washington, DC 20036



Arties in this publication may be cited in other publications. In order to facilitate access to the original
publication source, the following form for the citation is suggested:

Name of Author(s). "Title of Paper," in OSA Annual Meeting Techn cal Digest. 1991
(Optical Society of America. Washington, D.C., 1991). Vol. 17, pp. xx-xx.

ISBN Number
Conference Edition 1-55752-210-3 (softcover)
Postconference Edition 1-55752-211 - I (hardcover)
(Note: Postconference Edition includes postdeadline papers.)
1991 Technical Digest Series 1-55752-192-i (hardcover)

Library of Congress Catalog Card Number
Conference Edition 91-66977
Postconference Edition 91-66978

Copyright a 1991. Optical Society of America

Individual readers of this digest and libraries acting for them are permitted to make fair use of the material in

it, such as to copy an article for use in teaching or research, without payment of fee, provided that such copies

are not sold. Copying for sale is subject to payment of copying fees. The code 1-55752-192-1/91/$2.00 gives

the per-article copying fee for each copy of the article made beyond the free copying permitted under Sections
107 and 108 of the U.S. Copyright Law. The fee should be paid through the Copyright Clearance Center, Inc..
21 Congress Street, Salem, MA 01970.

Permission is granted to quote excerpts from articles in this digest in scientific works with the customary
acknowledgment of the source, including the author's name and the name of the digest. page. year. and name
of the Society. Reproduction of figures and tables is likewise permitted in other articles and books provided

that the same information is printed with them and notification is given to the Optical Society of America.

Republication or systematic or multiple reproduction of any material in this digest is permitted only under

license from the Optical Society of America: in addition, the Optical Society may require that permission also

be obtained from one of the authors. Address inquiries and notices to Director of Publications. Optical Society
of America, 2010 Massachusetts Avenue,'NW. Washington. DC 20036. In the case of articles whose authors
are employees of the United States Government or its contractors or grantees. the Optical Society of America

recognizes the right of the United States Government to retain a nonexclusive. royalty-free license to use the
author's copyrighted article for United States Government purposes.



h MONDAY, NOVEMBER 4, 1991

is ~ ~ ~ ~ ~ ~ ~ ~ ~ a uerreo hp of"a"so"N a-0P s o as l Wageret ebgfd - -NW wag r.dee of sobignme WI, Seek.
gree of CU agrnuta abig a a =N - a -am I no we"" - -6 swem. m-Himhfbe m atin- ae ree " esmuser reit "Syi Mo~rea 0"u" or wn=o "WW f ei 0& awm pefrtebymsw f a$ - hwe Prm is peSWA- I arga wyseelettet

. -= -ah he *0 IS Lm Ie.. ?ft. " I. ""am I. a eqme mai IMWedda atpdf W "Mof~ syt;af

ID Afle 09 R, 949"-. Lif ft" W& iS. 161 refrctiv M&S. sofb wamee Ifib W ein Wy, 1e aember of Wary swea me,
2L. I gass.o, e. A M 1ag.1 kmf. B. -map I Vem Los. it. 369 (1101L rative Sem. k has save poead am amar msereprume ispeIh thas s be rn*

useP . 0. A. Heiby. 0 C tim T. It S . Sok No C. P Sta. AP14ft"l. Lo. SL. ls-agded aWray in a perthrbed breged-are Imee
8
. aim the umber of brreal meeanasso

i4153190 bumd 0 do anm by soe esb"r of ray grivaio.Sc 5moaecihe m ae r reweiy .e
a gimahle gmdels adg-goided any. bond so su&6d pettarem Iheery' Is ~ret am-we

MIT T OW31 ae~imerkal iwmaa. = - LMI was~ &@NO 01011 IMm autee non..sae sed ad Or
- . .~I eaprniarbd (bread ama weeft ame acribed a m medl sotPa.

1a Roo lathe bee m be errtearsa theer. ao 000 as imp ro hed rawe formula

3m ~ ~ ~ ~ ~ ~ ~ ~ ~ 1' 6.!5 *mpert 11 an .tuded ft aW Oerrete f mka aeheem t A. ae e

i i~~b m r wd. inuhewal eyr on ther aferameaeied mempet The dame aeb, aredy a
Simil, ft remagfeemy Wmuabk GaMAAI pie-Svaded team" (SDL.t-idtee) it we -

- *~:.,JI. E are.ag as 90-em oraten med igh a mahok-oaeee-m"I sctre "Sim-
/ ~ ~ Oar Mass demeamWa that Isend agrumeet 1101-wa 111 ttMptttd parhetmeh midr!

** * Ad a1aer"meatat eberr'aeae -M tereaiee- Ubee a .bsruh km be aslhkee ms; a
___________________________show"._ amdte meda ptalad of Id-amt md. are abfed mee1 mtahm o. e ". W a a

a reltt vale of I= is the knewu Caed in a ds"". deamatr ebeApt mfer a the ahMi
Figure I Figerg 2 pam =pa. This b Owed by maremee posetua mt brew-~amand med.a rhedigep a

deCream" km. Calgabod ear- A fer-1141d parm are A 0callest aWeamem eab Leeme.
hernias emerdal shmaehSee a aerighatal ehAtmm' M.15 -bi maattgnwtha " o
breead-area -plede theeryI preAs fairly aneagt deecrqtm ad array maoe.

SD Ito ,a -ee-ion. we moapet as - merroed roa-te-00b aeaysi ad pinA-l..de wn,1-
tetatge tbe derter mne perted brad-amt beer Th bread-are so*e , sas rrmv a,2:15pM rawiadef at aegari dheory aad 11rade1 00 tarmeraa ad hh-arder array mian tcearan

INJECTION LOCKING OF ANTIGUIDED RESONANT agrermnI t sae a.5t samebtaee aed thrermrect eheervta is mhnrwvdi

OPTICAL WAVEGUIDE (ROW) ARRAYS* 1"Main
K. Janson, 0. Sates, L. Hawat. T. Path, J. Yang. 11 D F. Vebr. S. ehm. Slte.raid. U. Sette.teii Lem. 24. mtsi.

P. Noyaastida, L. C0ral. and J. 3oaenberls i P. Heibamer. . Rt. tadarey. ted A. O-yoee as P a nLetu. s ina(16'
J -04- Verduil aad at Frey. IME I 4Oaete. Ebnrea. 15. 270 (19O).Spac Wn ehooyCop&l. Sarter. hi. Caitd. Whig A. Hardy. J. Ligkhirre Tech. LT-S. t (1q67),

One Space Park 5 G. R. laday. J. P. em&~, "ad AL Cayseep, IfE J. Qart ftecrghg Q1-13. 765
edadbeach. ca. 90211 1d916

3aonant afitiguided array."' era vary diffeVRen from either
broad arms lasers or strogly Inexa guidad acray esince they S01.17combinee a strong lateral coupling Mechanism Ileaky v~va coupling)l,
viths a atroag indasgialudad profiAle. Ihia presents new 2:45pm
opportunities for eff icienet injection lockinag (high injectionSTANDLYRQ NUMW LLSES Trat hoal, and a way to alniajase requirements am tha "saierSTAND AER UNTM EL LA S T
Oscillator (No) beas profile. In addition. Since the far-fishd
profiles ae diffraction liited to begin with. It is not necessary 1.0611zM WITH UP TO 5.25W CW FROM A SINGLE
to alter th farfil eisin urher to reinforce the O imSRP

20 element =111 entagqtidad atrays were locked to 2.5 Usmes 110d F. Norboh, Ieh bee. OSw L ,e vaews,
above the threshold level (2.6 a 1'.) by injeCt iflg light from a 1r0Opbwemt 11er*WY ft" V06 ba 7V W1. Cmad
master Oscillator in a direction noraal to the diode facet MW Only
is oe element of the &rray (i.e. the NO beam was brought to a ?M CW .5J."M
tighst focus on the alawe laber 1St) aperture at normal Incidence. tsheaery O Noba mam,4mgp UI = -aedLakew
corresponding to an approhimate Incident beam diameter of 5 pml. 3111 ink Iftg a I.h Uom s bA
The spectra and far-field output pattern of the SL were founid to be
Independent of the NO be"m posit ion on the SL facet, and the far- Vu abe hetm qateI dirw paa ad 41 L11ba hemwa bm bd.w 113 1% don
field pattern was stable with wavelength detaining (i.e. me nowhkM& o a s goordAedgger hm- a qethP64 Is a ag ro ems %mm
steegring). Single frequency toeing was achieved over a 3- 30 A Meadhb opo A=miig a --- hm -m- ih lf
spCal rage, saed the beam pattern was found to be Stable eOd shothi SM Watb mum. qnwVMM a seap e ab Maj. 0,.baa

difrction-limited for ghoarly resonant devices. 4m
The inject Ion- locking behavior of WE arrays was fouhnd to he Ieeadeaaaa~ /iea~h.mem~e ~ a

significantly different frams that of weakly-guided arrays or broad ra pildd ran is a hAA/GW~yaapbue~ee Upis, m eeks me
sarea lasers, where locking Is aptigajied for NO Injection at am bbe 11hweeS n~wwvSIbdwwI MX710 gm
eagle. the far-field patters varies widely with injection__
conditions, locking cam Only be achieved closs to sued up to a~ ae I ad lie s ol adp " meem Was- ad m~ eagag. Ya hew gi
amid wavelength thiging has been &bam to remilt Is beas steering mUaig 6 * bamgaAs 16% qmt eel aeemI Is C1111art 6061 *w I Alegbageig

To the best of oure knowledge. this Is the first demontration hw aWC.isk ane i obhmg at do agroara aldl
Of aepccON1ful in1j*C eft-lack ing Of a gonoithiAc Suees-guided array.
trthersOre it is the first report of wavelength tuning with no Tmeg w ~ iMwba ma t d r egd=o rra
Imect On the beam shape or positin in loser diode arrays. amtem I ovomam dAmdaa 1111mi ft booad w mw ars qrs~eeqg

Ibflis work was funded by Phillips lAboratory. ban ad emw ham NONa ad wwO % Sad OM~ emP tba -111 whmele mibWedm wd

2. 116-. Mwe%. 0. Smas. I.J. Snb. a. Paeassmea" Ju. Nahtawhr. ap04. ft". he be adtebrmbe do Som hem
beat. of 41). 22 ISM015. Ll ee . 6elbers and J.?. "tiar Wpelat. 15 45). II 111 the11 CWte cmmew -tth eewab eLsaheiUaa

246"i. e It ?ap a.ea.@ i.e. hrame. is1W ~ gigg e"edonim 11 4. pPm. L~qemu.qa~a Pe em ealgs Ma wm a .1

4. J.P. orrr b.sde. seedA. alyaws. 5pS. a"y. lastt. 16 Iii). is"tteeU~~heeeh0 deo~nmaaabyya
39114l We sethm a bob mm Thor meare a Wpo Iarant al a, layep a S k

10 na 11. Tbrqoae a rc a 5vi mpag "s s Frm

2:30pmn
BROAD-A 'TA MODE COUPLING IN GAiN-GUIDED - -*-

DIODE LA' .-R ARRAYS

"Mwe agn igh Teneiagom.d emar fwete

C~IVN1# apofit Armewle, UftmJP 019r .w.---- ----

ba armay n" a "" emuet" tIn awklasm eawee%_0 94.910 utwar
Wh a wUm-m ue peome ad ban pram. CU ei aw a be.4% ag Ie Vf kmg Ie III 411t 01 It ft. Lin n 0.") PWt T~ AX IW a MLbw Lws. A. (in) Sam,

13 9 ~lIt R4W ft., irn 0 (Z")p



IF

LEOS '91
Conference

Digest

IEEE Lasers and
Electro-Optics Society
1991 Annual Meeting

November 4 - 7, 1991

San Jose Convention Center
San Jose, CA

In conjunction with OPTCON '91 and the following major conferences:

Optical Society of America Annual Meeting (OSA)
International Congress on Applications of Lasers and Electro-Optics (LIA)

and
SPIE's 1991 Symposium on Optical Science and Engineering

IEEE Catalog t 91CH2949-6
Library of Congress #: 9045246



~A~ri.J-co4 CLEO' 92 CC21,4. 40- Lo>,%r~ 2

F. lw-o-OPAca, A-k " CA, May 10-s, 1992

ARRAY MODE EVOLUTION IN GAIN-GUIDED DIODE LASER ARRAYS

I
by*

MAREK OSINSKI and CHUNG-PIN CHERNG

I
Center for High Technology Materials, University of New Mexico,

I Albuquerque, New Mexico 87131-6081

Corresponding author. Professor Marek Osiiski,

Center for High Technology Materials,

University of New Mexico,

Albuquerque, New Mexico 87131-6081.

Tel. (505) 277-6031

Fax (505) 277-6433

Abstract

Array modes of gain-guided diode laser arrays are studied using broad-area coupled-

mode theory incorporating thermal waveguiding. Calculated near- and far-fields are in

excellent agreement with experimental and numerical data. Thermally driven high-order

mode switching is predicted.
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In spite of a significant progress in increasing the output power of gain-guided

diode laser arrays, their modal behavior remains poorly understood. This can be at-

tributed to absence of adequate analytical treatment valid for these devices. On the other

hand, it is difficult to gain insight into mechanisms determining modal properties of

laser arrays by applying comprehensive numerical analysis1.I
Recently, we have developed a new analytical approach to gain-guided arrays2 . The

I array modes are determined using coupled-mode theory with a broad-area mode basis.

We have shown that earlier simple analytical treatment s relying on assumptions of infi-

nite loss in the lateral claddings and equal modal gains for all broad-area modes led to

I
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I
considerable errors in predicted array mode gains and was therefore unsuitable for gain-

guided array analysis.

Incorporation of thermal waveguiding in the analysis is important for above-

threshold operation of the array. As the pumping current increases, so does the active-

region temperature and the lateral temperature profile becomes increasingly nonuniform.

IWe approximate the thermally-induced perturbation of broad-area waveguide by a half-

period of the raised cosine function, falling to zero at the edges of the array.I
The device considered is a uniform 10-stripe GaAs/AIGaAs gain-guided array,

similar to commercially available devices (SDL-2410C, 6-pm stripes on 10-pm centers,

Imultiple-quantum-well active region). 40 broad-area modes are included in calculations.

Fig. I shows temperature dependence of modal gain spectra, with center value of

temperature raise AT as a parameter. Note that with rising temperature, the highest-gain

mode shifts gradually from P - 10 to v - 13. Incidentally, heating by only 1 "C suffices

to neutralize the carrier-induced index antiguiding. Thus, we predict that due to thermal

focusing the dominant array mode will be shifting towards higher-order modes with in-

creasing pumping current.

A rather spectacular result of our analysis is an impressive sensitivity of modal in-

tensity patterns to the active-region temperature. Fig. 2 shows near- and far-field pat-

terns for the array mode v 10 which dominates when heating-induced waveguide

nonuniformity is small. AT - 0 corresponds to index antiguiding, AT - 2 "C to very

weak index guiding, and AT - 4 "C to index guiding. As illustrated by Fig. 3 (mode v,

15), near-field patterns of other high-order modes also experience significant transfor-

mation with increasing temperature.
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By adjusting the value of &T to 4 "C we were able to obtain excellent agreement

with injection-seeding experiments and extensive numerical simulations for all high-or-

der modes for which published data were available'. Examination of results reveals that

the confinement of high-order array modes improves with increasing temperature.

However, once a given mode is well confined, its near-field pattern remains almost un-

changed, while higher-order modes continue to narrow down. The high-order modes are

more sensitive to thermal focusing and can be used to establish the actual temperature

increase with greater accuracy.

I In conclusion, incorporation of thermal effects in broad-area coupled-mode theory

of gain-guided laser arrays leads to an excellent agreement with earlier experimental

data and comprehensive numerical simulations. Sequential excitation of high-order modes

1 with increasing temperature is predicted. Remarkable changes in calculated near-field

patterns with increasing strength of thermal waveguide make it possible to utilize spec-

I trally-resolved near-field measurements to determine temperature profile inside the ac-

i tive region.
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1Figure Captions

I
Fig. 1. Temperature dependence of modal gain spectra of first 20 array modes in a 10-

stripe 100-pm aperture gain-guided array. The perturbation term has a form

of a sinusoidal modulation of gain (and index through the linewidth broaden-

ing factor) with amplitude of 10 cm- 1, superimposed on a half-cosine thermal

profile with amplitude AT.

Fig. 2. Near- and far-field patterns of the array mode v - 10 calculated for various am-

plitudes AT of lateral temperature profile.

Fig. 3. Near- and far-field patterns of the array mode v - 15 calculated for various am-

plitudes AT of lateral temperature profile.
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ABSTRACT

Single-lateral-mode, high power operation has been achieved in wide-stripe

InGaAs/GaAs/AIGaAs semiconductor lasers using an unstable resonator configuration with

diverging elements distributed along the stripe. Pulsed output powers of 490 mW have

been demonstrated.
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High-power semiconductor lasers are required for a broad range of

applications. There are limitations on the peak output power that can be

obtained from single-stripe lasers. Phase-locked arrays have been used to

increase output powers with coupling between individual narrow-stripe

emitters.

A novel solution is to implement an unstable resonator configuration.

Higher order lateral modes encounter more loss and filament-formation is

discouraged. Cylindrical etched facets have been used to induce single-lateral-

mode operation in wide-stripe lasers (1). Another way to form an unstable

resonator is to introduce diverging lens-like optical elements along the

stripe(2 ) . By modifying this geometry, we have achieved single-lateral-mode

operation in broad area lasers more than 150 pm wide.
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Negative cylindrical lenses w-re incorporated into the laser above the

active region by wet-chemical etching, with subsequent regrowth of the p-

AIGaAs cladding layer. Detailed calculations were made to estimate the

optical mode profile in the transverse direction, and an asymmetric Graded-

Index Separate-Confinement-Heterostructure (AGRIN-SCH) active region

was chosen to enhance the coupling with the diverging lens-train.

The structure was grown by Metal-Organic Chemical Vapor Deposition

(MOCVD). The asymmetric GRIN-SCH active region contains an InGaAs

Single Quantum Well (SQW). A GaAs layer (600 A thick) was grown on top of

a 0.1 pm AIGaAs spacer which is immediately above the active region,

following which the growth was stopped. The lens-train pattern was formed

using wet-chemical etching. The etch depth was 400 A, corresponding to an

effective index step of about 0.01. The top p-AlGaAs cladding and GaAs cap

layers were re-grown subsequently. The gain-guided lasers were then

fabricated using a standard process.

Single-lateral-mode operation at upto 3.5 times the threshold current

(Ith) has been achieved in 1000 pm long, 100 gm wide lasers with a total output

power of 490 mW for pulsed ( ips, 10 kHz) operation. Spatial coherence

(measured using Young's double-slit in the near-field image plane) across 80

pn of the near- field is 65% at 3.5 x Ith and 80% at twice threshold. To the best

of our knowledge, this is the highest single-lateral-mode power achieved
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with a single wide-stripe semiconductor laser without external optical

elements. The threshold current density was 400 A/cm 2 and external

differential quantum efficiency was 36%. The nominal round-trip divergence

factor is 2.53 for these devices. The far-field divergence angle is less than 1.4

times the diffraction limit.

Using a different design with a nominal round-trip divergence factor of

1.91, single-lateral-mode operation has been obtained in 170 i wide laser

stripes, with 175 mW total output power at 2.5 x Ith. Spatial coherence across

135 g.m centered in the near field exceeds 60 %. For 1000 i long devices, the

threshold current density was 250 A/cm 2  with an external differential

quantum efficiency of 27 %.

Results from several different designs are being analyzed to optimize the

performance of these devices. New results will be also be presented.
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i FIGURE CAPTIONS

U
Fig. 1(a) - Structure after first MOCVD growth and etching of lens patternI
Fig. Ib) - Structure after MOCVD regrowth of p-type cladding and cap

layers, followed by a gain-guided laser fabrication process

i
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ABSTRACT

We have obtained high power single-lateral-mode operation in wide-stripe

InGaAs/GaAs/AlGaAs semiconductor lasers using a monolithic unstable resonator

(consisting of diverging elements incorporated above an asymmetric GRIN-SCH). The

fabrication involves MOCVD regrowth after wet-chemical etching of lens-like patterns in a
GaAs layer above the active region. Pulsed output powers of 175 mW and 490 mW have

been obtained in 170 pn and 100 jttr wide lasers respectively, with spatial coherence in the

near-field exceeding 60%. We observe good lateral mode discrimination upto 3.5 times

i threshold in 100 pm stripes with a round-trip magnification of 6.4.

1. INTRODUCTION

High-power single-lateral-mode lasers are required for a wide range of applications

where the beam has to be focussed tightly. Wide-stripe lasers have poor lateral beam

profiles due to the presence of several higher-order modes and filamentation effects.

Narrow stripe lasers have a fundamental limitation in that the peak power at the facet should
not exceed about 10 MW/cm 2 - thus the peak powers obtainable are limited. Phase-locked
arrays with different geometries are being developed to obtain a single high-power

supermode in the far-field[l][2][3][4].

Im
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Wide stripes with unstable resonator geometries are very promising in this regard.

In such a configuration, the higher order modes, especially the second, encounter

significantly more loss than the fundamental one, thus providing a strong mode

discrimination even at high current-injection levels. Besides, the divergence associated with

the cavity prevents filamentation. Cylindrical ion-beam-milled facets have been used to

obtain single-lateral-mode operation (5]. Also, diverging lens-like elements have been used
along the stripe to induce fundamental mode operation [61. We have implemented the latter

design with several modifications to obtain single-lateral-mode operation in lasers with

widths over 170 pm.

2. FABRICATION AND DESIGN CONSIDERATIONS

Theoretical calculations on optical mode profdes were done to determine an

optimum structure in the transverse direction. The laser was grown in two steps using LP-

MOCVD. Fig. 1(a) shows the structure after the first growth and incorporation of the lens-

train. The structure is as follows: n+ GaAs substrate; n-GaAs buffer layer, 1.5gm n-
AIO.4Ga0.6As cladding; 0.3pm AlxGa I-,xAs (xAl, 0.4 - 0.2) graded region; 100A

InO.2GaO.8As SQW; 0.1Itm AlxGal.xAs (xAl, 0.2 - 0.4) graded region; 0.lprm
AIO.4Ga0.6As spacer layer, and a 600A GaAs lens layer. Different lens patterns were then

etched 400A into the GaAs lens layer using a 1:1:800 NH4OH : H202 : H20 solution.

Subsequent MOCVD regrowth included a 1.5pm p-AI0.4GaO.6As cladding, 500A

AlxGa1-xAs (xAl, 0.4 - 0.0) graded layer and a p+ GaAs cap layer. The interfaces on

either side of the lens layer were graded over IOOA to minimize series resistance. Tellurium

was used as the n-type dopant (lxl018/cm 3 ) while Carbon and Zinc were used as dopants
~in the p-cladding (lxl018/cm 3 ) and cap layer (lxl020/cm3), respectively. Fig. l(b)

shows the final structure after the regrowth of the cladding and cap layers followed by a

standard wide-stripe fabrication process.

Since the convex-shaped lens patterns are etched into GaAs with subsequent lower

index AIGaAs regrowth, these are effectively diverging elements. Several different designs

were implemented by changing the curvatures and number of lenses.

I1
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Some significant design features are the asymmetric GRIN-SCH, the use of GaAs
for the lens layer and the etch depth for the pattern. The asymmetric GRIN-SCH (AGRIN-

SC-I) was chosen to shift the peak of the optical mode over towards the lens layer. This

increases the effective index step at the etch boundaries, thereby allowing us to reduce the
thickness of the lens layer and the etch depth. For the lasers reported in this letter, the etch

I depth was 400 A into a layer 600 A thick. The nominal effective index step in the
transverse direction is 0.01. GaAs was chosen for the lens layer instead of AlGaAs since

I MOCVD regrowth on AIGaAs with significant XAl is affected by oxide formation on the
surface. This could have an adverse effect on the reliability of the lasers. Regrowing on

I GaAs by modification of the basic design results in good materials growth and is reflected
in laser characteristics.

1 3. POWER AND SPATIAL COHERENCE MEASUREMENTS

I We measured power vs. current characteristics and spatial coherence across the
near-field of the lasers in pulsed operation. The setup for the latter is shown in Fig. 2. A
magnified image of the near-field of the laser is formed in a plane containing a double-
slit[T7 . The resulting Young's interference fringes in the far-field are recorded on a CCD
camera. We obtain the spatial coherence as the visibility calculated from a plot of the
fringes. The spacing between the slits can be varied and their position in the near-field
image can be shifted to investigate the degree of spatial coherence across the beam. All
coherence figures quoted here are obtained from visibility measurements with a slit spacing
of 80% of the magnified near-field width. The far-field of the lasers was obtained with an
imaging lens since there is a natural divergence associated with the unstable resonator.

4. MATERIALS GROWTH QUALITY (Laser Results)

For a control laser diode without any lenses (Fabry Perot) with a cavity length of
500 im, threshold current density (Jth) was 320 A/cm 2 and double-facet differential
quantum efficiency (rid ) was over 85%. The series resistance was 0.8fl. The lasing
wavelength was about 0.95 gm. For a similar 1000 pim long laser, Jth was 200 A/cm2

with an Ild of 75%. These results indicate good materials growth, especially the regrowth
on GaAs.

3



I.
I
1 5. PERFORMANCE OF UNSTABLE RESONATOR LASERS

For a 1701tm wide, 1000 ttm long laser, the spatial coherence was over 60% at

1175 mW total output power (from both facets) at approximately twice threshold. The

threshold current density was about 250 A/cm 2 with an external differential quantum

Iefficiency of 27% (both facets) at a lasing wavelength around 955 nm. The nominal

magnification for this lasers was 3.65.

For a 100gm wide, 1000 jim long laser, 490omW total output power was obtained

at 3.5 times threshold with a spatial coherence of 65%. At twice threshold, the spatial

1 coherence is 80%. The threshold current density was about 400 A/cm2 with a differential

quantum efficiency of 36%. The nominal magnification for this laser was 6.4. The far-field

for currents upto 3 x Ith is shown in Fig. 3.

The data from different stripe widths, magnifications and laser cavity lengths are

being analyzed to optimize design parameters. The theoretical calculations leading to the

design will be published elsewhere.

6. CONCLUSIONS

In conclusion, we have demonstrated single-lateral-mode, high-power pulsed

operation of semiconductor lasers using an unstable resonator configuration, with

diverging lens-like elements incorporated along the laser stripe. Results from Fabry Perot

lasers without lenses indicate excellent MOCVD regrowth over GaAs. With optimization of

design parameters we expect to be able to improve the characteristics of these lasers further.
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Fig. 3 - Far-field of 170 jim x 1000 pm wide stripe laser with a magnficatiof of

3.65, for different currnts upto 3 x .
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duesJold for facet damage. The primary dial- Since optimal performance in these devices is single tat-field lobe opserahion. We treat the NAgM
lenge has been to maintain a coherent single spa- dependent on matching a lateral resonance condi- array as a composite cavity consisting of a
jig mode at high power levels from a large tioti. a new type of antigtiided array based oan the wavegiside region in which parallel singlemode
apenw device. For this reason, muhtielememt self-aligned stripe geometry has been pursued. In wavegtaides are coupled through evanescent
phase-locked arrays have been uinder develop- these structures, layers critical to obtaining the fields of guided modes and a uniform NAM sec.
mies for over a decade as a means of obtaining a resonance condition (i.e.. passive guide layer) are tion that provides further coupling between in.
mode stabilized device that can operate reliably grown planar during a first phase growt1h. Design. dividual waveguide modes via diffraction. The
at Power levels in the range 05--1 .0W. fabrication. and device characteristics of these cigenmodes of the waveguide section (super.

Monolithic phase-locked arrays have been devices are discussed. modes) are calculated using the improved
studied for many years. To date the best approach coupled-mode theory?2 Th supermode mixig
for stable phase-locking to high powers is 2:15pmn coefficients, determining the eigenimodes or the
resonant arrys of antiguides' (so called ROW WS4 Thermal focusing effects In composite cavity, are obtained by evaluating the
uays). ROW arrays have the unique property reflected image at the interface between the
that full coherence and lateral-optical-mode gin-gulded diode lase waveguiding and uniforn sections of the &vice
stability coexist. Results to date are: 0.5-W cw arrays using the 3-D diffraction integral. if the phase
diffraction-limited (DL) operation. 1.5-W DL Mark 0snk n hn-i hm difference between light returning from the NAM
pulsed operation; and 5 W in a beam 3 x DL. section and injected back into any particular
Reliable operation at I -W cw power is expected Unitiersity of New Mexico, Center for, High waveguide and its nearest neighbor is an integer
in die ne future. Particularly attractive is the fact Technology MirleTWIs. Albuquerque, New multiple of 2x. the in-phase supermode is rein.
tha Row devices do not need active phase con- Mexico 87131-6081 forced. On the other hand, a small variation in the
trol. in turn the devices* reliability is expected to Thermal effects in diode laser arrays are known NAM-section length and/or the waveguide spac-
be high. Beyond I W. ROW srrays can be scaled to be important for the array mode selection.' ing is sufficient to dramatically change the far-
in two dimensions with the ultimate goal of >10- Here, we examine in detail the role of active field. The performance of NAM arrays, is

A foreitin aetr. svto teapoc region heating. considering a uniform ten-strip therefore. very sensitive to details of the
is orabs iting mirrr.et as beein imlenedaoc rgardedasa gain-guided array. The array is waveguide structure.

esnoscan ro tha ifusiniduceanted eadda perturbed broad-area laser whose References
by ethadrgot ifso-nue &ie modes are coupled via complex-permittuvity per- 1. D. F. Welch, W. Streifer, R. L. Thornton,
disordering and, more recently, using sulphur- turbations induced by heating and injected car- and T. Paoli, Electron. Lett. 13.525 (1997).
based solutions prior to facet coating. Anotier riers. Array modes are determined using the 2. A. Hardy and W. Streifer. J. Lightwave
recent development is the discovery that strAired- coupled-mode theory. Nh thermal perturbation is Technol. LTA4 90 (1986).
layer quantum well lnGaAsltpaAs/AtGaAs lasers taken as a half-period cosine with center value of
have virtually no initial degradation. and thatthe AT. vanishing at the lateral claddings. WhenI heat- 2ip
emitting face damage threshold is 3-4 times du ing-indiaced waveguide nonuniformity is small. -:59

of GaAs-active-layer devices, Passivating the the tominanit array mode is v a 10. Calculated WSI' Phaselocked multidlode
emitting facets will increase the reliable power tempertre dependlence of modal gain spem laser beamh combining
level by afactor of 3 to4. reveals that with raising temperature, the highest- cavity optimized by
Refeec gin mode shifts gradually from v it10 v- 13. aymmetria design
1. D. Botzeziat.. Appi. Phys.Lts. 56,2133 Thus, thermnal focusing results in sequential ex-

(1939). citation of high-order modes with increasing Roger S. Putnam
pumnping current. Calculated near- and far-field Aerodyne Resarch, Inc., 45 Manning Road,
patterns for AT a VC are in excellent a reemnil Billerica, Massachusetts 01821

2:00pm ~~~~~~~~~with injection- seedinF experiments. while Paelce ae obnn ytm sn nnumerical simulations with AT = l0*C give Paelce ae obnn ytm sn n
WS3 Recent advances In somewhat narrower near fields for v > 10. This tracavity holograms, spatial filters, or beam split-

antigulded diode law indicates that the active region heating may no tern ame shown to be mathematically equivalent
arrays be as severe as previously thought, Sensitivity of and to provide strong phase-locking by providing

the high-order modes to thermal focusing cat be a minimum loss for in-phase cooperation. Our
L 1. Mawst, D. Botez, M. Jansen, S. Peter- used to estabilish the actual temperature increase model accurately predicts the combinations of
9oa% S, S. Ota, M. Sergatt T. J. Rot, and C. with good accuracy. diode laser currents required by a multidiode laser
Z. Muttzeoe~ system to achieve threshold. This model also car-

I Spae Pak, ~ Refw~hC ~rectly predicts t parabolic increase in opticalTRW Research Center, I pc ak em . G. R. Hadley, J. P. Hohimer. and A. power emitted at the phase canceled port as a
oemfi, California 90278 Owyotmg. J. Appl. Phys. 61. 1697 (1987). funtion of the diode lasers' drive cieren Wi-

Resonaaw-optical-waveguide (ROW) arrays awe 2. G. R. Hadley. J. P. Hohimer, anid A. balance. Nh automatic phase adjustments needed
monolithic devices capable of radiating in a if- Owyoung. IEEE J. Quantum Electron. QE- for efficient power collection. which are produced
fraction-limited beans to high output power 23.76S (1997). by small changes in the optical frequency, are
lievels, These devices are attractive for many aW shown to be greatly augmented by rncreasing the
plicatass because they am otne wire devices with 220pm mismatch in cvt egh mn h aiu

no ctve hae onvl eqirrltha i. he ntr- WSS Array-mode seection In laser arms of the compound cavity. This cavity
1w gucttre f d arry bth cntrls ad lcksdesign guarantees eff icien power collection inde-

the phase of each emitter. In effect, the ROW nonabsorblng-mirror diode pendent of pathlength changes along the laser
array operates as lateral DFB for s"aIal modes. lase arrays arms. A real-time measurement of the self-locked

Mo iciiaini teesrcue sa WlimETopnCugPnCeg phase error is also shown to decrease for narrow
complex process that involves several seta eairadices o rabn
mech~ans (1) edge radiation losses. (2) model and Mark Osimsld lsintag bhvo.adiceaefrbrabn
overlap with gain (gamma effect), and (3) intier- University of New Mexico, Center for High aig
elereiw losses. As expected. there is a tradeoff Technolog aterials, Albuquerque, New
between low threshold, high efficiency operation Mexic 87131-6M8
and strong modal discriminiation. However.as Nonabsorbing mirror (NAM) Ga.As/AlGaAs ar-
demonstsaned hem.~ high pe ilerant cw ops rays have been shown to deliver thermally limited
tic cmn be obtained from optimized ROW4)'p ew otutpt power as high as 2.4 W from a 100-jun
devices ROW arrays wtth optimized face cow- spnr. Typically, thes devices operate in
inip operat in an in-phase mode with a diirc high-order array modes with a double-lobe far
toionmtedbeamupo500mWinCwniits field In this paper, we show that with careful
Treshold cwienb ae 270 mA wtth effcece design. the NAM section can be utilized to favor
of 42% for a 1000-Am long cavity.
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IN A COHERENCE-COLLAPSED SEMICONDUCTOR LASER
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ABSTRACT

We report the first experimental and theoretical observations of a period-doubling route to chaos in a

semiconductor laser undergoing coherence collapse, occurring when the external cavity mode spacing is an integer

sub-multiple of the relaxation oscillation frequency.

* Corresponding author: Professor John G. Mclnerney. Tel. (505) 277-0768, -3317; Fax (505) 277-6433.
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PERIOD-DOUBLING ROUTE TO CHAOS

IN A COHERENCE-COLLAPSED SEMICONDUCTOR LASER

Jun Ye, Hua Li and John G. Mclnerney*

Optoelectronic Device Physics Group

Center for High Technology Materials

University of New Mexico

Albuquerque, NM 87131-6081

SULMARY

Semiconductor injection lasers are frequently operated in external cavities for spectral narrowing and mode

stabilization. However, the external cavity laser can exhibit coherence collapse, a catastrophic broadening of the

spectral linewidth to tens of gigahertz under moderate external feedback [1]. For fundamental and practical

reasons, one needs to know whether this behavior is stochastic (noise-driven) or deterministic, and how the final

coherence-collapsed state is attained.

Here we describe experimental and theoretical studies of the coherence-collapsed semiconductor laser. Our

experiments have used GaAs/GaAlAs index-guided lasers (Hitachi HLP-1400), operated from 1.5-1.7 times

threshold and coupled to long (10-60 cm), weakly coupled (- 10"3-10 -4 in intensity) linear external cavities. The

theoretical analyses of these experiments are based on rate equations for the carrier density and complex optical

field; phase-amplitude coupling, gain saturation and coherent feedback terms are included. These equations are

integrated for the free-running laser and the coherence-collapsed laser with and without noise terms: the time

series, return map, autocorrelation function, power spectrum and correlation dimension are calculated in each

case.

The results provide the first clear evidence, following the suggestions of Dente et al. [21, that the coherence-

collapsed state is formally chaotic, with a correlation dimension of -2.5, and occurs due to mixing between

external cavity mode partition fluctuations and feedback-induced relaxation oscillations. When the relaxation

oscillation frequency is an integer multiple of the external cavity mode spacing, a period-doubling sequence is

observed, while otherwise the coherence-collapsed state is attained via quasiperiodicity [31. This is the first



observation of period-doubling in a semiconductor laser with optical feedback. In each case, the addition of noise

I tends to obscure the finer features of the chaotic attractor and makes the correlation dimension more difficult to

determine.

We acknowledge financial support from the USAF office of Scientific Research and the USAF Phillips

L-Aboratory.
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Low Series Resistance Continuously-Graded-Mirror GRIN-SCH-MQW
Vertical-Cavity Surface-Emitting Lasers Grown by MOCVD

Ping Zhou, JulianCheng". C. F. Schaus, S. Z. Sun,
D. Kopchik, C. Hains, Wei Hsin, Chien-hua Chen

University of New Mexico, Center for High Technology Materials

Albuquerque, NM 87131 *(505)277-5605

D. R. Myers, and G. A. Vawter
Sandia National Laboratories, Albuquerque, NM 87185

We report the first demonstration of room-temperature, cw operation of GaAs/AIGaAs
graded-index separate-confinement-heterostructure (GRINSCH) vertical-cavity surface-emitting
lasers (VCSEIs) with continuously-graded mirror layers grown by MOCVD. Continuous grading
of the heterojunction interfaces in the heavily-doped p-type distributed Bragg reflector (DBR)
layers significantly reduced the diode resistance and self heating, thus leading to higher power
efficiencies, a wider cw current range, and a light output that is comparable to the MBE results
[1]. Reduction of the series resistance of the DBR layers has previously been achieved by the
insertion of an intermediate layer or a superlattice at each heterointerface of the DBR [2), and
by implantation techniques [1, 31. However, MOCVD allows the continuous grading of these
heterointerfaces, which virtually eliminates the energy barriers to hole conduction, thus produc-
ing the lowest series resistance yet reported.

The VCSEL epilayef structure, grown by a low-pressure MOCVD system, is comprised of
an undoped four quantum-well GRINSCH active layer structure bounded by Te-doped and C-
doped DBR mirrors, containing 38.5 and 27 pairs of quarter-wave AlAs and AIGaAs layers,
respectively. The AlGaAs/AlAs interfaces are continuously graded. The GRINSCH [4) struc-
ture is incorporated to improve the optical confinement and to lower the threshold current,
while lateral current confinement in the VCSELs is achieved by proton-implantation [1).

The room-temperature, cw electrical (V-I) and optical (L-I) characteristics of two unpack-
aged VCSELs, with active areas of 11 gm and 20 pm diameters, respectively, are shown in Fig.
1. Their threshold currents and voltages are 3.85 mA/3.5 V and 5.0/mA/2.6 V, respectively,

with corresponding th-?:shold current densities of 4KA/cm2 and 1.6KA/cm 2, respectively, and
differential quantum e , ,i-iencies of about 80%. The output optical power levels of 1 mW and
0.9 mW are limited by self-heating effects in these unsoldered devices. A higher optical power
of 2 mW is obtained with an active area diameter of 32 Ipm device, whose threshold current
density is 1.2KA/cm 2. The series resistances of 11 gm and 20 ;m devices are 80 ohms and 30
ohms, respectively, which are three times lower than the values reported for comparably-sized
MBE-grown devices [1]. The overall power efficiency is 2.8% for the II Jm device, and is 3.7%
for the 32 jm device. The spectrum in Fig. 2, for an Ii jIm device, shows a very low level of
spontaneous emission and a resolution-limited spectral width of 0.7 A. These data, representing
the best MOCVD results to date, are comparable to the state-of-the-art MBE results.

[1] B. Tell, Y. H. Lee, K. F. Brown-Goebeler, J. L. Jewell, R. E. Leibenguth, M. T. Asom, G.
Livescu, L. Luther, and V. D. Materra, Appl. Phys. Lett. 57, 1855(1990).
[2] K. Tai. L. Yang, Y. H. Wang, J. D. Wynn, and A. Y. Cho, Appl. Phys. Lett. 56,
2496(1990).
[3) H. J. Yoo, J. R. Hayes, N. Andreadakis, E. G. Paek, G. K. Chang, and Y. S. Kwon, Appl.
Phys. Lett. 56, 1942(1990).
[41 Y. H. Wang, K. Tai, J. D. Wynn, M. Hong, R. J. Fischer, J. P. Mannaerts, and A. Y. Cho,
IEEE Photonic Technol. Lett. 2, 456(1990).
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The as-pown wafers were optically excited using the 740 am line of Ar-ion-pumped dye laser, with the
pumping beam diameter of 10 pn. Even though no hea sink was used, the ¢w output power of 7 mW
is considerably higher than that obtainable from single-quantum-well microlasers, while it is
comparable to that of DBR-RPG devices.

BROAD-AREA MODE-COUPLING MODEL FOR CARRIER.GUIDED DIODE
LASER ARRAYS
Marek Osins" and Chun-Pin Cherng. Centerfor High Technology Materils. Universiq ofNew
Mexico. Albuquerque. New Medco 871316081.

The objective of this paper is to demonstrate suitability of a broad-area mode-coupling approach to
describe modal properties of carrier-guided semiconductor laser arrays. The supennode eoy often
adopted to explain modal behavior of phased array lasers isuitable only for index-guided array since
it requires a basis of individual waveguide modes. For carrier-guided arrays, with no built-in lateral
variation of refactive index, such approach fails to predict correctly the number of system modes and
their relative gains. It is more appopriate to treat the carner-guided array as a pertubed broad-a.ea
laser, since the number of lateral modes is not limited in this case by the number of array elements.
Recently. a simple model of carrier-guided arrays was proposed, based on the standard perturbation
theory. It assunes an infinite loss outside the active region and ignores differences between modal
gains of all the unperturbed (broad area) modes, claiming that these simplifications would not affect the
results significantly. In this paper, we show that either of these assumptions has important
consequences on the calculated modal gains for the array mode.

Rather than using the perturbaon theory, we follow the coupled mode formulation, but with a basis of
broad-area modes instead of individual waveguide modes. An active broad-area waveguide is considered,
with the gain-index coupling as well as spatially averaged temperatre effects included. The
perturbation due to array structure is assumed in form a raised sinusoidal modulation of permitivity,
with gain maxima at stripe centers. A smooth half-period cosine profile of temperature is also included
in the perturbaion.

As an example, we consider a 10-stripe GaAs/AIGaAs carrier-guided array similar to commercially
available devices (SDL-24 10C, 6-pin stripes on 10-pm centers, multiple-quantum-well active region).
A comparison of the present theory with earlier simplified perturbation analysis corresponding to a
limit of very high loss and constant reveals that the previous treatment is unreliable in predicting the
modal gains of high-order array modes (mode number larger than the number ofemitters). It should be
emphasized that these high-order modes usually dominate in carrier-guided arrays. hence precise
knowledge of their modal gains is very important in considerations of mode ordering and mode
suppression schemes.

Our results rveal that earlier agreement between the simplified model and experimental observations
was fortuitous. On the other hand, broad-area coupled-mode theory can contribute to improved
understanding of array lser beha-,r ,, cznstitutes an important deign and interpreadon tool.

OPERATOR ORDERING IN EFFECTIVE-MASS HAMILTONIAN FOR
SEMICONDUCTOR SUPERLATTICES AND QUANTUM WELLS
Mohammad Moiahede* and Marek Ouinsk, Centerfor High Technology Materials, University of New
Mexico. Albuquerque. New Mexico 87)31-6081.

In recent years, effective-mass theory has been used extensively as a computational tool for determining
electronic states and ohr properties of abrupt heerostructures, superlattices, and quantum wells It has
been recognized that application of the effective mass theory to abrupt interfaces between diffvnt
materials suffers from ambiguity in kinetic energy operator ordering, caused by non-vanishing
commutator of the momentum operator and the position-dependew effective mass rn(z). This leads to
non-uniqueness of Hamiltonian, which in its general form can be writen as
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H - .I/2i,2 M(z)jaV[M(z)) V[M(z)j % V(z).
with 2a + D - 1. Corresponding with this one-parameter family of opertor the matching conditions
for the envelope wave function v(z) and its deivatve g'(z) am also pameA with contiuty a(
[m(z)ft(z) and [mnz)Pd((,,,(z)Pv(z))/dz a the inwices.

The values of a and P can in principle be determined by compaism with microscopic theory or
experimenL Yet, while theoretcal considerations indicaze that only p n -I (C - ) is consistent with
microscopic treatment, there have been reports that experimentally observable interband transition
energies are not sensitive to the choice of A. In this paper, we resolve this apparent controversy by
demonstrating that, contrary to earlier claims, the interband transition enrgies do vary substantially
with . Comparison with available data confiums that the choice of , -1 provides the best fit with
experimenL.

Specifically. we have analyzed GaAs/AljGal.5 As superlattce and quantum well systems using the
transfer matrix technique. The results show that within the conduction band a subband-edge energy
shifts approximately linearly with P (-1 P s 0). We have also investigated the effects of superlatice
parameters, such as subband index, thicknesses of both constituent materials, and barrier height
(composition) on the shifts of subband-edge energy. between the two extreme cases of A a -1 and 1 - 0.
Calculated energy levels are more sensitive to the choice of 0 for higher subbands and for decreasing
well thickness. Increasing the barrier height or thickness also results in larger shift of subband-edge
energies.

SURFACE NORMAL SECOND HARMONIC GENERATION IN
PLZT AND GaAs THIN-FILM WAVEGUIDES
L C. Zou, K. J. Malloy and A. Y. Wu. Center for High Technology Materials (CHTM). EECE
Building. The University of New Mexico, Albuquerque, New Mexico 87131.4081.

We compare SHO in P:I.ZT and GaAs thin-film waveguides. P.ZT should offer higher conversion
efficiencies and interaction with other optoeectronic devices. However, the dificulties presented by the
polycrystalline structure of PLZT films need be examined for PZT based devices.

Our waveguwde structure requires the interaction of two counterpropagating laser beams to emit the
second harmonic from the surface. The single crystal LiNbO3-and GaAs-based sructures have been
studied previously. It is possible to deposit PiZT thin films with c axis (001) normal to the surface
and with the a (and b) axes of the polycrystallites randomly oriented in the plane. Assuming such a
microstnuctural model, our calculations show the second order nonlinear polarization for emission from
the surface is present only when one of the incident laser beams is TE and the other is TM. P20 the
source of the nonlinear output is independent of the orientation of the grains in the waveguide plane,

P21. dl5EIE 2 Y.

This result implies that. except for scattering losses at grain boundaries, a polycrystalline PLZT
waveguide will have identical properties to a single crystal structure.

We report on these considerations for PLZT and compare them with our experimental results on single
crystal GaAs-based structures. The technological advantages of GaAs and the difficuldes encounterd
with PUZT will be discussed.

MICROSTRUCTURE AND ELECTRICAL PROPERTIES OF R.F. SPUTTERED
BARIUM TITANATE FILM ON SILICON
Bi.Shiou Chiou* and J nq-l Jiang Instiute of Electronics, National Chiao Tung University, Hsinchu.
Taiwn.
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